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Two reactor systems were designed and built for synthesizing high-purity 
magnesium aluminate powders from a stoichiometric mixture of two alkoxides. 
One system utilized an aerosol-hydrolyzer (AH) reactor while the other, in 
addition to the aerosol-hydrolyzer, included a high temperature zone reactor 
component for "in-line" calcination of the mixed hydrous oxides produced by 
the hydrolyzer, and was referred to as the aerosol-hydrolyzer-crystallizer (AHC) 
reactor. Magnesium aluminate (spinel) was selected because it is an optical 
ceramic with unique properties, for which there is interest in manufacturing it 
from a suitable precursor powder. The precursor solution used was a 
high-purity binary metal alkoxide mixture (magnesium 1-methoxy, 2-propoxide 
+ aluminum sec. butoxide, diluted with 50 vol.% 1-methoxy, 2-propanol). A 
stable aerosol of this liquid mixture was produced in a custom-made aerosol 
generator. Steam hydrolysis of the aerosol in the presence of heated air 
produced a hydrous oxide product, which, upon batch-calcination, transformed 
to crystalline monophasic spinel. The "as-hydrolyzed" powders were spherical, 
ultrafine (~0.05-3.0 pm), un-agglomerated, and essentially stoichiometric in 
composition. Batch-calcination of the powders was used to delineate the 
performance of the AH reactor and thereby provide a baseline for comparing 
the AHC reactor ("in-line" calcining) performance. Partial sintering of particles 
produced agglomeration in the batch-calcined powder. The laminar flow in-line
iii
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crystallizer (calciner) was incorporated as part of the AHC reactor on the basis 
that an unagglomerated crystalline powder could be produced in this manner. 
Although the AHC reactor produced powder with similar characteristics as the 
as-hydrolyzed AH reactor product, the powder was not crystalline. This is most 
likely due to inadequate residence time and/or low radiative heat-transfer rate 
to the particles from the walls of the high temperature zone. Another, but 
perhaps not very probable, reason is that rapid quenching of the particles, 






ABSTRACT ..........................................................................................................  iii
TABLE OF CONTENTS ........................................................................................  v
LIST OF FIGURES ......................... ..................................................................... ix
LIST OF TABLES ................................................................................................  xi
ACKNOWLEDGMENTS .....................................................................................  xii
CHAPTER 1: INTRODUCTION ......................................................................... 1
1.1 Scope of Research ............................................................................ 2
1.2 Objectives of this Research .............................................................  4
1.3 Research Conducted ........................................................................  4
1.4 Organization of the Thesis ...............................................................  5
CHAPTER 2: LITERATURE REVIEW ..............................................................  7
2.1 Magnesium Aluminate ......................................................................  7
2.1.1 Structure and Properties .......................................................  8
2.1.2 Industrial Applications ............................................................  12
2.1.3 Synthesis and Forming Techniques ................................... 15
2.2 Powder Synthesis Methods .............................................................  19
2.2.1 Solution Synthesis Techniques ...........................................  19
2.2.2 Vapor/Gas Phase Synthesis Techniques.............................  30




2.3.1 Optimum Characteristics of Powder for Sintering ............  34
2.3.2 Fundamentals of Solid-State Sintering ..............................  36
CHAPTER 3: THEORETICAL CONSIDERATIONS ......................................  40
3.1 Aerosol Technology .........................................................................  40
3.1.1 Parameters Used in Characterizing Aerosols ................... 41
3.1.2 Aerodynamic Properties ........................................................  44
3.1.3 Interparticle Phenomena .......................................................  46
3.1.4 Types of Aerosol Generators ................................................ 48
3.2 Effect of Droplet Radius on Equilibrium Vapor Pressure .......... 51
3.3 Phase 1 - System Design Considerations ...................................  53
'3.3.1 Mixed Double Metal Alkoxide ................................................  53
3.3.2 Flowrates for Laminar Conditions .......................................  56
3.3.3 Amount of Solvent Transferred to the Gas Phase ............  57
3.3.4 Partial Pressure of Water Vapor ........................................... 58
3.3.5 Flammability Limits .................................................................. 58
3.4 Phase 2 - System Design Considerations ....................................  61
3.5 Crystallite Development
(Amorphous to Crystalline Transformation) ...................................  64
3.5.1 X-ray Diffraction ......................................................................  64
3.5.2 Crystal Orientation .................................................................  66




CHAPTER 4: DETAILS OF EQUIPMENT AND EXPERIMENTAL
PROCEDURES .....................................................................  68
4.1 Equipment - AH Reactor ..................................................................  68
4.1.1 Compressed-Air System ........................................................  69
4.1.2 Aerosol Generator .................................................................  72
4.1.3 Hydrolyzer ............................................................................... 72
4.1.4 Powder Collection and Liquid Condensate Removal .....  77
4.2 Test Procedures - AH Reactor ........................................................  78
4.3 Equipment - AHC Reactor ...............................................................  82
4.3.1 Aerosol Generator .................................................................  82
4.3.2 Hydrolyzer/Crystallizer ...........................................................  84
4.3.4 Powder Collector ..................................................................  84
4.4 Test Procedures - AHC Reactor .....................................................  86
CHAPTER 5: RESULTS AND DISCUSSION ................................................  89
5.1 AH Reactor: Summary of Experimentation .................................. 89
5.1.1 Aerosol Stability ...................................................................... 89
5.1.2 Preliminary Testing ................................................................  93
5.1.3 Optimization of the System ................................................... 95
5.2 Powder Characterization .................................................................  97
5.2.1 Particle Geometry and Extent of Agglomeration ..............  98
5.2.2 Specific-Surface Area ............................................................  106




5.2.4 Chemical Homogeneity and Stoichiometry .......................  109
5.2.5 Crystal Structure ....................................................................  112
5.3 AHC Reactor: Experimentation and Powder Characterization 118
CHAPTER 6: CONCLUSION ............................................................................  123
6.1 Enumerated Conclusions .................................................................  125
6.2 Recommendations for Further Study ..............................................  126
BIBLIOGRAPHY ..................................................................................................  128
APPENDIX A.1 ANALYTICAL TECHNIQUES AND PRINCIPLES ............  135





2-1. The Spinel Crystal Structure [Kingery, 1976] .................................. 9
3-1. DeVilbiss Compressed-Air Nebulizer [Hinds, 1982] ...................... 49
3-2. Saturation Vapor Pressure of Water as a Function of
Saturation Temperature .................................................................... 59
4-1. Nomograph for Determining Moisture Content
[Panametrics, 1979] ..........................................................................  71
4-2. Schematic of the Aerosol Generator .................................................  73
4-3. Photograph of the Aerosol Generator ...............................................  74
4-4. Schematic of the Hydrolysis Reactor ................................................ 75
4-5. Schematic of the AH Reactor System ..............................................  79
4-6. Photograph of the AH Reactor System ............................................. 80
4-7. Schematic of the Aerosol Generator of the AHC
Reactor System .................................................................................  83
4-8. Schematic of the Pyrex/Mullite Hydrolyzer/Crystallizer Tube ••• 85
4-9. Schematic of the Porous Stainless Steel Filter Element
[Cusick, 1989] ....................................................................................... 87
5-1. Hydrolyzer Exit-Air Temperature as a Function of Power Input 96
5-2. S.E.M. Photomicrographs of As-Hydrolyzed Powders:
-(a) 9000x, -(b) 6000x ...................................................................... 99
T-3935
Figure Title Page
5-3. S.E.M. Photomicrographs of As-Hydrolyzed, Batch-Calcined
(900°C) Powders: -(a) 8000x,-(b) 6000x ....................................  101
5-4. T.E.M. Photomicrographs of As-Hydrolyzed, Batch-Calcined
Powders: -(a) 19500x,-(b) 25000x,-(c) 70000x ....................... 102
5-5. T.E.M. Photomicrographs of Examples of: -(a) Necking in
Batch-Calcined Powder, -(b) Hollow Spheres in
As-Hydrolyzed Powder ...................................................................... 103
5-6. S.E.M. Photomicrographs of Anomalous Morphologies
Observed for As-Hydrolyzed Powders: -(a) "High"-Density-
Aerosol Powder,-(b) "Mediurrf-Density-Aerosol Powder ......... 105
5-7. The Mg0 -Al203 Phase Diagram [Levin, et al., 1964] ..................  111
5-8. X-ray Powder Diffraction Patterns of As-Hydrolyzed,
Batch-Calcined Powder as a Function of Calcination
Temperature ......................................................................................  113
5-9. X-ray Powder Diffraction Pattern of Batch-Calcined (900°C)
As-Hydrolyzed Powder ...................................................................... 114
5-10. Electron Diffraction Pattern of Batch-Calcined (900°C)
Powder (same powder as analyzed for Figure 5-9) ..................... 116
5-11. S.E.M. Photomicrographs of : -(a) AHC Reactor
Powder-Product and-(b) After Batch-Calcination ....................... 120
5-12. X-ray Powder Diffraction Patterns of: -(a) AHC Reactor
Powder-Product and-(b) After Batch-Calcination .......................  122


















[Hiemenz, 1986 & Hinds, 1982] ............................................
Hatch-Choate Conversion Constants [Hinds, 1982] ..........
Characteristic Properties of Aerosols Generated With
Nebulizers [Hinds, 1982] .........................................................
Flammability Limits of Selected Alcohols in Air
[Rose and Cooper, 1977] ........................................................
Physical Properties of Aerosol-Test Liquids ........................
Specific-Surface Areas ............................................................
Void-Free Powder Densities ...................................................
E.D.S. Results of As-Hydrolyzed and Batch-Calcined
Powders ....................................................................................
X.R.F. Results of As-Hydrolyzed and Batch-Calcined
Powders ....................................................................................
X.R.D. D-Spacings and Relative Intensities of the
Batch-Calcined (900°C) Powder ............................................
S.A.D. D-Spacings of the Batch-Calcined (900°C) Powder
Lattice-Parameters: T.E.M and X.R.D. .................................





Sincere gratitude is expressed to my thesis advisor, Dr. Gerard P. Martins, 
for his guidance, support and friendship. This work would not have been 
possible without his w illingness to explore new frontiers in materials 
processing, his expertise in process engineering and his dedication beyond the 
call of duty.
Financial support was provided by the Department of Metallurgical and 
Materials Engineering through research and teaching assistantships. 
Additional funding was granted by the Coors Ceramics Company in the form of 
tuition reimbursements. Funding for powder characterization analyses was 
provided by the Colorado Center for Advanced Ceramics. Also, the support of 
E. G. & G. Rocky Flats is greatly appreciated.
Gratitude is extended to the committee members, Dr. Don Williamson, Dr. 
Dennis Readey, and ex-officio member, Don Roy (Alpha Optical Systems, Inc.) 
for their helpful discussions and time spent in evaluating this work.
Several students and staff members of the Department of Metallurgical 
and Materials Engineering were supportive during the course of the research. 
Many thanks to Carole D. Graas for providing inspiration to continue her work in 
spinel processing. The support of Bob McGrew and his electron microscopy 
instruction is greatly appreciated, as is the assistance offered by Herb Bird with 
system electrical components. Very special thanks to Diane O. Wilshynsky
xii
T-3935
(a.k.a. DOW) for her friendship and input on T.E.M. operation; Jae-Ho Lee for 
his photography expertise and unending willingness to offer assistance; and 
David Fazzina for his assistance in preparing this manuscript.
The workmanship and timely fabrication of experimental glass reactors 
and assemblies by Ray Allen (Allen Scientific Glassblowers, Inc.) is greatly 
acknowledged. It is a also a pleasure to acknowledge George Mclver, Rob 
Lucernoni and Marilyn Whisenand of the Coors Ceramics Company for special 
assistance.
Sincere gratitude is expressed to my mother, Marley, who continuously 
offers encouragement and support, and who has always shown a genuine 
interest in my work. Many thanks to Marc, a "diamond in the ruff" and Mike, who 
has always been a friend and a role-model. Special thanks are extended to 
Tricia, Alex, Don and Mary Lou for bringing much happiness into my life.
I am especially indebted to my husband, Jeff, who provided me with the 
opportunity to finish my degree. His role has been that of a fellow classmate, a 
listener, an editor and a partner. Thank you, Jeff, for your support, love and 





The ultimate goal in advanced ceramic component processing is to 
produce a high-performance material with reproducible properties. Advanced 
ceramics are traditionally described as low-volume, relatively high-cost 
materials, with high value added. Major considerations in processing 
advanced ceramics include reliability and reproducibility. The limited reliability 
of ceramic components is a result of extreme microstructure sensitivity to 
extrinsic and intrinsic flaws. Reproducibility of ceramic components is often 
related to the degree of batch-to-batch processing control and characterization 
of precursor material.
Flaws place a constraint on material properties, and hence the 
performance of a ceramic component. Extrinsic flaws include those produced 
by handling and machining, as well as heterogeneities in composition. Organic 
as well as inorganic processing reagents can be particularly detrimental to the 
development of the microstructure. For example, organics burned out during 
high tem perature sintering can leave voids behind. Also, inorganic 
contaminants may react with the matrix and create microcracking. Intrinsic 
flaws include heterogeneities in the microstructure which are related primarily 
to the characteristics of the precursor powder. Heterogeneities present in the 
microstructure influence the sintering kinetics and may result in incomplete 
densification and/or exaggerated grain growth.
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Current research efforts in this field are being directed toward powder 
processing in an attempt to obtain a product with features which are optimum 
for sintering. This focus is based on the well-established premise that the 
characteristics of precursor powders are critical to the success of producing 
high-performance ceramic components. These characteristics are summarized 
in the section that follows.
1.1 Scope of Research
High chemical purity of the precursor powder is essential for controlled 
crystallinity. The precursor powders which are used in producing advanced 
ceramic components are chemically derived. The use of metal-organic 
compounds, specifically metal alkoxides, provides the requisite purity and 
homogeneity by offering molecular-level mixing.
In additon to chemical purity, the precursor powders must meet stringent 
requirements in regard to physical properties such as particle size, shape and 
surface characteristics, and a controlled particle size distribution. It is 
recognized that specifications for "optimum" physical properties include: 1) 
small particle size, which leads to enhanced sintering kinetics; 2) spherical 
shape and narrow size distribution for maximum packing and subsequent 
control of exaggerated grain growth (i.e. controlled densification); and 3) 
nonagglomerated powders, which would otherwise place a constraint on green 
density and thereby inhibit sintering.
The hydrolysis of metal alkoxides is receiving significant attention in the 
area of ceramic processing, and is being exploited for the production of metal
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oxide precursor powders. Hydrolysis of metal alkoxides at relatively low 
temperatures results in the formation of hydrous metal oxides. Transformation 
to crystalline metal oxide product can be achieved upon calcination.
Submicron oxide powders that are derived from alkoxides may be 
produced by solution or vapor synthesis techniques. Multicomponent ceramic 
oxides have been most frequently produced by solution synthesis, as reported 
in the literature. The primary reason is that there are inherent complexities 
associated with vapor synthesis methods in regard to dissim ilarities of 
component alkoxide-species vo la tility , and hence, in controlling the 
stoichiometry.
Solvent vaporization is classified as a solution synthesis technique. It 
utilizes a devolatilization (drying) step, which is accomplished by increasing the 
free surface of the solution. Small droplets are produced which "dry" rapidly, 
thereby minimizing segregation of components within the precursor solution. 
This method of powder production has also been categorized as spray-drying.
Aerosol generation has emerged as a viable means of producing ultrafine 
droplets and consequently, ultrafine powders. An aerosol is a colloidal system 
consisting of liquid or solid particles (1-1000 nm) dispersed in a gas phase. 
Aerosols can often be generated to have a controlled size distribution.
The research conducted and reported in this thesis is an investigation of 
the synthesis of a double oxide, magnesium aluminate (M gA ^C ^), by the 
controlled steam-hydrolysis of a mixed double metal-alkoxide aerosol. 
Magnesium aluminate (spinel), a material with unique optical properties, was 
chosen because it represents a multicomponent synthesis system and because
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of the need to investigate alternative, tractable methods for producing 
"optimum" powders for sintering. Excellent transparency at wavelengths from 
UV to IR is obtained making it a primary candidate material for multispectral 
protective cover windows and domes. Furthermore, fabrication into 
polycrystalline shapes, in comparison to single crystal growth methods, offers a 
more cost-effective processing scheme, without the loss of optical and 
mechanical properties [Roy and Green, 1987].
1.2 Objectives of this Research
The overall objective of this work was to produce crystalline, chemically 
homogeneous, ultrafine magnesium aluminate (M gA ^C ^) powder in a single 
processing step. An extensive literature review of M g A ^C ^  processing 
schemes indicated that various trade-offs are made in producing these 
powders. For example, a nonagglomerated state is typically achieved at the 
expense of chemical purity by introducing a milling procedure after calcining. 
The powder processing scheme to be utilized in this work, it was felt, should 
incorporate an "in-line" calcining step as an alternative to conventional batch 
calcining. The system requirements included: suitable flow field to maintain 
the particles dispersed and a temperature/time history which would result in 
crystallization of the amorphous, hydrolyzed powder, with total elimination of 
organics.
1.3 Research Conducted
The first task of this research was to demonstrate the feasibility of
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concurrently producing a stable binary metal-alkoxide aerosol and hydrolyzing 
the aikoxide aerosol. These preliminary studies required the design and 
fabrication of an aerosol generator and a hydrolysis reactor.
Modification of the system, which included the addition of a tube furnace 
for calcining, comprised the second stage of the research. The concept was 
based on utilizing nonagglomerated, fine, hydrolyzed powder to achieve a 
rapid transformation (amorphous to crystalline) time. In principle, each particle 
is exposed to an individual heat treatment.
The final task of the research was devoted to physicochemical 
characterization of the as-hydrolyzed and calcined powders. The effect of 
temperature/time history (batch calcining and "in-line" calcining) on crystallinity, 
was studied. X-ray diffraction (X.R.D.) was employed to analyze the crystal 
structure.
Transmission electron microscopy (T.E.M.) provided information on 
particle size, shape and size distribution, as well as to verify X.R.D. d-spacings. 
A scanning electron microscope (S.E.M.) coupled with energy-dispersive 
spectroscopy capabilities was used to determine the Al/Mg atomic ratio, as well 
as particle sizes. Quantitative analysis of the major constituents, aluminum and 
magnesium, was also assessed by x-ray fluorescence.
Finally, intrinsic density and specific surface area data were obtained from 
mercury porosimetry and single-point B.E.T. methods, respectively.
1.4 Organization of the Thesis
Chapter 1 provided a general introduction to the research undertaken and
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contained a statement of the primary objective.
A broad literature review of magnesium aluminate, powder synthesis 
techniques, and solid-state sintering is contained in Chapter 2.
Chapter 3 includes a review of aerosol technology, as applied to powder 
processing, and system design considerations. Theoretical aspects of 
crystallite development during calcination are also reviewed.
A summary of equipment used to conduct the experiments and the 
procedures employed is provided in Chapter 4.
Chapter 5 contains results obtained and a discussion of the overall 
powder characterization findings. Powder characterization techniques which 
constitute an important component of this research project are also described 
here.
Finally, Chapter 6 contains enumerated accomplishments, conclusions, 




A lite rature review of magnesium alum inate properties, and 
multicomponent ceramic oxide powder processing techniques is presented 
here. A high-performance ceramic component results when the material 
properties approach theoretical limits. Magnesium aluminate is chosen for 
industrial applications that require those specific properties of M gA ^C ^ which 
are superior to that of competing materials. The properties, which will 
subsequently be addressed, are directly influenced by the chemical structure 
and microstructure. Since microstructural considerations are critical in 
polycrystalline ceramic systems, most of the current research efforts are 
directed towards the processing scheme for producing the precursor powders. 
The review focuses on powder processing and the subsequent sintering of 
precursor powders for the production of polycrystalline ceramic components.
2.1 Magnesium Aluminate
Magnesium aluminate spinel occurs naturally, and it can also be 
synthesized by various techniques. Spinels may be processed to obtain single 
crystal or polycrystalline shapes. The merits of both will be presented. 
Preceding this, the spinel structure is reviewed, as well as the properties and 
end-use of the material.
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2.1.1 -Structure and Properties
W. H. Bragg and Nishikawa [Hill, et al., 1979] were the first to analyze the 
spinel structure. The general formula for oxide spinels is AB2 0 4 , and is 
sometimes written as A O B 2O3 to specify the double oxides. Two cations, 'A' 
and ’B \ represent divalent (Mg, Fe, Zn or Mn) and trivalent (Al, Fe, Mn or Cr) 
metals, respectively. Eight formula or elementary units comprise a unit cell, 
which is most widely referred to as the Fd3m space group, the highest 
symmetry group (O^7). Spinels have a cubic structure in which the oxygen 
ions are in cubic close packing (FCC). Each elementary cell has two 
octahedral sites (1/2 of the total octahedral sites) and one tetrahedral site (1/8 
of the total tetrahedral sites) filled with metal cations. A schematic of the unit 
cell is shown in Figure 2-1.
The spinel structure is similar to that of olivine. However, in olivine the 
oxygen ions are in hexagonal close packing. Kugimiya and Steinfink [1968] 
give an excellent summary of the factors influencing the stability of the spinel 
structure, A [B2]C>4 . The 'B' ions in octahedral positions and 'A' ions in 
tetrahedral positions are arranged around the oxygen ions so as to maximize 
the A-B distance, as well as the B-B distances. If the repulsion between 'A' and 
'B' ions is greater than that between the ’B' ions, the spinel structure will form. If 
the converse is true, the olivine structure will result. An unstable structure is 
created if the repulsive forces between cations are large enough to prevent 
contact with the oxygen ions.
Spinels may be further classified on the basis of cation distribution within 
the structure. The normal structure, A[B2]04 (where [ ] designates those
T-3935
Oxygen
Cation in octahedral site 
Cation in tetrahedral site
9
Octahedral interstice 
(32 per unit ceil)
Tetrahedral interstice 
(64 per unit cell)
Figure 2-1. The Spinel Crystal Structure [Kingery, 1976].
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cations occupying octahedral positions), implies that only the trivalent cations 
occupy octahedral sites, and the divalent cations, tetrahedral sites. The inverse 
structure, B[AB]0 4 , is indicative of the divalent, and half of the trivalent, cations 
occupying octahedral sites. The tetrahedral sites are filled with the balance of 
triva len t ions. Interm ediate cation d is tribu tions may also exist;
where x=one and zero for inverse and normal spinels, 
respectively. A completely random structure has an x value equal to 2/3.
Due to its cubic structure, MgAI20 4  spinel is an optically isotropic 
material. Unlike sapphire, the isotropic nature of MgAI2C>4 prevents "localized 
absorption and heating" [Roy and Green, 1987], and severe scattering 
problem s. S im ilar to sapphire, po lycrysta lline MgAI2 0 4 exhib its 
absorption-free transparency thoughout a broad bandwidth (from ultraviolet to
5.5 m icrometers ■ in the infrared spectral band). MgAI2 C>4 is also a 
non-birefringent material.
Transmission of light through an optical material such as MgAI2C>4 is 
dependent on absorption as well as reflectance losses. The fraction of light 
transmitted, or the transmittance, is expressed as:
T = ljn/ l0ut = (1-R)2exp(-Px) [Kingery, et al., 1976] 
where ljn = incident intensity
lout = transmitted intensity 
R = reflectivity 
6 = absorption coefficient 
x = material thickness.
The absorption coefficient, 8, varies inversely with wavelength (B=47i:k/^).
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Absorption is defined as the decrease in intensity of light as the beam passes
through a material [Jenkins and White, 1957]. The index of absorption, k, and
the index of refraction, n, are important in describing optical properties of
dielectrics. The ratio of the velocity of light through a vacuum relative to that




The difference in velocity is due to scattering, a special case of diffraction, in 
which light energy is lost from the direct beam. The intensity of scattered light is 
inversely proportional to X4. For normal incident light, a material's reflectivity





The value of the index of absorption, .k, in the above expression is usually 
negligible compared to that of the index of refraction within the optical zone of 
the spectrum. Consequently, the expression above reduces to:
n_(n-1 )2
(n+1)2
If the value of the index of absorption is negligibly small the expression for the 
transmittance reduces to:
T=(1-R)2.
The refractive index for polycrystalline M gA ^C ^ at a wavelength of .4047 
microns, for example, is 1.736 [Roy and Green, 1987]. Theoretically, the 
transmittance of MgAl20 4  at this wavelength may be as high as 86.0%. At
T-3935
higher wavelengths absorption is significant and the material thickness enters 
into the equation. A lower than theoretical value of the transmittance is due to 
the processing parameters such as nonuniformity of thickness, and scattering 
from micropores, impurity inclusions, and second phase particles.
In addition to superior optical properties, M g A ^C ^  has excellent 
mechanical properties. M gA ^C ^ is an attractive material for multispectrai 
protective cover windows and domes because of its resistance to erosion; high 
hardness and fracture toughness. Furthermore, the poiycrystalline structure 
offers greater toughness than single crystal structures, in that crack propagation 
is impeded at grain boundaries [Roy and Green]. The high strength of 
M gA ^C ^, coupled with high hardness permit thinner windows to be employed. 
Further, the optical properties are improved and thermal stresses are reduced.
M g A ^ C ^  also has good thermal shock resistance. Dimensional and 
mechanical properties are stable at temperatures up to 1250°C. Finally, 
M g A ^ C ^  spinel has a very low dielectric-loss index which makes it a good 
insulating material.
2.1.2 Industrial Applications
Magnesium aluminate spinel has been specified for a number of 
technological applications. Synthesis and processing of single crystal 
MgAl20 4  is cost-intensive so this form of the material is chosen for industrial 
applications that require those specific properties of MgAI20 4 which are 
superior to that of competing materials.
S ing le  c rys ta l M gA l2 C>4 is used in so lid -s ta te  e lectron ic
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(metal-oxide-semiconductor, MOS) devices as an insulating substrate material. 
Spinel has a few advantages over the conventional sapphire and silicon 
materials, especially for high performance applications. The MOS devices 
consist of a thin film of silicon, which is epitaxilly grown on an insulating 
substrate. The thin film is photolithographically masked and etched. The 
resulting silicon "isles" [Schlotterer, 1969] are processed into circuit elements. 
When sapphire is used as an insulator, the semiconducting properties are 
limited due to the crystalline quality of the silicon. Sapphire is rhombohedral 
and silicon is cubic in structure. Further, aluminum from the sapphire 
autodopes, or contaminates the silicon by acting as an acceptor and therefore 
alters the electrical properties of the film. Silicon substrates pose a different 
problem; poor electrical conductivity. Silicon on silicon results in a reduction of 
response when circuit elements on the chip interact.
Another application for spinel is as a refractory material. Spinel has been 
used as a refractory in open-cycle magnetohydrodynamic electric generators 
[Weeks and Sonder, 1980].
Polycrystalline magnesium aluminate spinel is a material of choice for 
magnetic coil insulators and radio frequency (RF) plasma heating windows for 
fusion reactors [Clinard, Jr., 1985]. Ceramics are required for a number of 
fusion applications and the prerequisite for these materials is the ability to 
withstand intense radiation fields, as well as mechanical and electrical 
stresses, and large thermal fluxes. Ceramics are also preferred materials 
because of their resistance to chemical erosion, low cost, and ability to perform 
at high operating temperatures. However, specific designs may not tolerate
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brittle materials; a characteristic of ceramics. MgAI2C>4 performs well under 
irradiation. For example, the strength of the material is actually enhanced from 
neutron damage, possibly due to "impedance of crack propagation by the 
damage microstructure" [Clinard, Jr., et al., 1984].
For RF heating windows, impurity control is necessary for strength and 
transmissivity enhancement. MgAI20 4  is a prime candidate for this application; 
because of its low loss tangent which minimizes absorption of microwave 
energy, and because of its high thermal conductivity.
Swelling is an important constraint in magnetic coil insulator applications. 
Spinel exhibits a relatively low volume percent swelling, and in some instances 
no dimensional change, depending on the operating temperature and 
exposure to irradiation.
AI2O 3 , S ig N ^  and SiC/graphite composites are also candidates for 
fusion applications. Under irradiation, AI2O3 exhibits significant swelling, due 
to its anisotropic structure. Si3 N 4 shows a reduction in strength under 
exposure and the SiC/graphite composite exhibits severe differential swelling. 
Swelling is an important parameter to elucidate, if structural failure is to be 
avoided.
Finally, polycrystalline MgAI2C>4 has been hot pressed at Coors Ceramics 
Company for multispectral protective cover windows and domes for proximity 
fuzes and guidance systems [Roy, 1981]. Also, Gentilman [1981] and Becher 
[1977] have investigated fusion-casting and press-forging, respectively, for 
producing these windows and domes. The required optimal transmittance for 
this application is satisfied with the MgAI20 4  spinel, making it a prime
T-3935
candidate material. High transmittance at wavelengths from UV to IR (i.e. broad 
bandwidth) may be obtained with this material. Competing materials for this 
application are sapphire, calcium aluminate and germanate glasses and MgF2. 
Single crystal AI2C>3 offers better transmittance at shorter wavelengths but a 
crossover at 4.5 microns occurs indicating that the transmittance of MgAI2C>4 is 
better than that of sapphire in that range. Further advantages for using 
polycrystalline MgAI2C>4 over sapphire include material processing and final 
shape fabrication costs and the inherent isotropic nature of MgAI2 0 4 - 
M gA I2 0 4  also offers better transmittance over a wider spectrum than 
germanate and calcium aluminate glasses. Domestic sources for these 
glasses is limited. Use of hot pressed MgF2 results in detrimental scattering 
and structural problems (lower resistance to thermal shock) in applications that 
demand superior performance. Another requirement for this application is 
hardness-the ability to resist erosion. In this regard MgAI20 4 is superior over 
MgF2 and silica glasses.
2.1.3 Synthesis and Forming Techniques
Monocrystalline and polycrystalline ceramic fabrication methods differ 
primarily by the respective forming techniques. Monocrystals are formed via 
melt technology and subsequently, require sizing and shaping. Forming of 
polycrystalline components, via powder processing technology, may be 
achieved prior to or during high-temperature sintering. Sintering has been 
described as a consolidation process in which shrinkage and densification of a 
powder compact occurs [Reed, 1988]. Further, near-final shapes result. The
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following section presents a review of M gA ^C ^ spinel synthesis and forming 
techniques.
Single crystals of M gA ^C ^ have been formed through vertical pulling 
from a spinel melt (Tm=2105°C) [Cockayne and Chesswas, 1967]. The melt is 
prepared from high-purity MgO and AI2O3 powders. One drawback inherent in 
this method is that a crucible is required, which must be of a higher melting 
temperature than the melt and must be chemically inert to the oxides. The 
crucible and pulling rod material used is iridium (Tm=2410°C). To compensate 
for the close melting temperatures of the crucible and the melt, a thick wall is 
utilized.
The Verneuil process [Arlett and Robbins, 1967]--a flame fusion 
technique-incorporates a multiple-tube flame fusion burner and after-heater to 
grow and anneal spinel boules, with and without seeds. A feed powder 
(M gS 0 4 -7 H2 0  and AINH4 (S0 4 )2'1 2 H2O calcined mixture) is used. The 
advantage in this process is that stoichiometric crystals result, and no cracking 
occurs upon cooling, due to insitu annealing.
Falckenburg [1976] has modified the flame fusion method through use of 
a ceramic insert in the furnace. The modification allows for a more 
(mechanically and thermally) stable growth of the crystal during cool-down, and 
a smaller radial temperature gradient. The insert is equilibrated thermally with 
the crystal as growth proceeds and during the cool-down; the heat capacity of 
the insert determines the associated rates. With this modification, no 
after-heater is used. Cooling is achieved by extinction of the flame. In the 
conventional Verneuil process, the flame gases flow close to the crystal,
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thereby creating large thermal gradients within the crystal. The ceramic insert 
serves to deflect the flame gases away from the growth front. Without inserts or 
after-heaters, cracks in the boules result.
Single crystals are also formed from evaporation techniques [Wang and 
McFarlane III, 1968], where spinel crystal growth is promoted from a PbF2 flux, 
which serves as a solvent for the spinel. The vaporization of the flux results in 
supersaturation. Similar to the vertical pulling method, a crucible is used 
(platinum), which contains the melt of aluminum and magnesium oxides. The 
final crystals are stoichiometric, but usually contain lead as an impurity.
The gradient furnace technique [Viechnicki, et al., 1972] employs a 
vacuum graphite resistance furnace that houses an argon protective 
atmosphere to minimize MgO volatilization. The starting materials, in 
Viechnicki's study (there were several), are placed in molybdenum crucibles 
and growth is initiated with stoichiometric M g A ^C ^ seeds. During growth 
approximately 2 mole % MgO is lost which comprises a "skin" on the outside of 
the crystal. The nonstoichiometry of this "skin" leads to high strain upon 
cooling, which results in cracks.
Another form ing technique employed in producing MgAI2 0 4  
monocrystals is fusion-casting [Gentilman, 1981]. The starting materials used 
are Al20 2 and MgO powders, which are placed in a molybdenum crucible, with 
a drainage hole. The powders are melted (~2100°C) under a helium 
atmosphere, in a graphite resistance furnace with a vertical heating element. 
As the oxides melt, the drain hole allows drainage into a molybdenum mold. 
The cool-down is accomplished through unidirectional, constant rate (5°C/hr.),
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cooling of the bottom mold, until the spinel is solidified. The resulting disks and 
domes have excellent optical quality. Using A ^O g -rich  mixtures, and 
decanting of excess liquid in the mold appear to reduce cracking.
One inherent problem in processing single crystals is sizing and shaping. 
To minimize the need for costly machining, a press-forging technique was 
developed for single-crystal, alumina-rich spinels [Becher, 1977]. Press-forging 
is a method that deforms material compressively at slow rates and high 
temperatures. It is accomplished by a hot press with graphite tooling. The 
starting material used is A l2 0 3 -rich Verneuil-grown crystal boules. 
Press-forging introduces another processing step, but the resulting 
alumina-rich spinel disks have better transmittance, at wavelengths < 4.5 
micrometers, than hot-pressed polycrystalline spinels.
Although single crystal synthesis of MgAl2 0 4  is more conventional, 
powder processing into polycrystalline shapes offers more cost-effective 
fabrication, without the loss of optical and mechanical properties. The forming 
techniques sited in the literature include hot-pressing and hot-molding.
Rhodes [Gentilman, 1981] and Roy [1981] have used hot-pressing to 
produce transparent polycrystailine spinel from M gA ^C ^ precursor powders. 
Hot-pressing is a high-temperature sintering operation in which external 
pressure is applied. The main advantage in using hot-pressing is that 
densification may be achieved before extensive grain growth occurs [Kingery, 
et al., 1976]. The disadvantages of hot-pressing include limited life of graphite 
dies and punches, it is inherently a low-speed production process.
Finally, Palmour [Graas, 1989] has employed a hot-molding technique in
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processing powders into polycrystalline spinel shapes. The process is 
proprietary, but appears to be similar to hot-pressing except a laterally-open die 
is utilized.
2.2 Powder Synthesis Methods
Chemical preparation of multicomponent ceramic oxide powder offers 
better control of stoichiometry and homogeneity. The powders can also be 
prepared to have small particle-size and thus higher reactivity, which results in 
denser ceramics (i.e. improved sinterability). Furthermore, sintering can be 
effected at considerably lower temperatures compared to other traditional 
systems. This literature review examines chemical techniques for the 
production of multicomponent oxide ceramic precursor-powder. A precursor 
powder may be defined as one which is subsequently processed into a 
polycrystalline ceramic component by high-temperature sintering. The review 
has been divided into two sections; the first summarizes solution synthesis 
techniques and the second, vapor synthesis techniques. A further 
subclassification is delineated according to the nature of the starting 
chem ica ls-organ ic or inorganic. Although there are numerous chemical 
preparation techniques [Johnson, 1981], the review is focused on a select few 
that pertain to the formation of multioxide ceramic powder.
2.2.1 Solution Synthesis Techniques
Solution synthesis techniques are classified according to the methods 
used fo r solvent rem oval. These include solvent vaporiza tion,
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precipitation-filtration, and solvent combustion. Solvent combustion constitutes 
only a small part of the review, because of the limited amount of literature 
available in this field.
a. Solvent vaporization The basic requirement for producing a homogeneous 
multioxide powder by a solvent vaporization technique, is the preparation of a 
well-mixed solution of the requisite components. Subsequent segregation of 
components is avoided if this solution is dried rapidly. Methods for eliminating 
solvents entail increasing the free surface of the solution during the drying step. 
This requires conversion into small droplets. Drying techniques presented in 
the lite rature include: spray-drying, emulsion drying, evaporative
decomposition of solutions, freeze drying and gelation-evaporation [Johnson 
and Gallagher, 1978].
/'. Inorganic solution synthesis - solvent vaporization: The most widely 
reported method in the literature for the preparation of multicomponent ceramic 
oxide powder is the solvent vaporization technique. Methods that fall into this 
category are summarized by citing specific examples from the literature; and in 
particular, those that employ inorganic reagents.
Spray-drying allows for rapid removal of the solvent without segregation 
of components. A typical spray dryer consists of a solution atomizer, drying 
chamber and a powder collection system. Magnesium aluminate, for example, 
has been prepared through spray-drying and roasting [deLau, 1970]. The 
cationic components—soluble inorganic salts-are mixed by dissolving them in 
water. The resulting spray-dried particles consisted of hollow spheres.
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Decomposition of the dried mixed sulfate was obtained at 800°-1000°C, but no 
details on the roasting step were given. The calcined powder became 
agglomerated, and was subsequently deagglomerated with a turbine attritor. 
The resulting small particles, approximately 0.2 pm in size, provided for good 
sinterability with high densification. Although not utilized in deLau's work, 
"spray roasting" has been mentioned in the literature [Johnson and Gallagher, 
1978]. It is a technique whereby drying (precipitation) of the salt-solution and 
subsequent decomposition are conducted directly, in one step. The method 
has been used in the preparation of ferrite powders using metal chlorides or 
nitrates. In addition to these citations, Jong [1976] reports on the preparation of 
magnesium aluminate powder through the spray-drying technique. The 
precursor solutions were mixtures of nitrate (Mg(N0 3 )2 ‘ 6 H 2 0  and 
AI(N0 3 )3*9H2 0 ) and sulfate (M g S O ^ h ^ O  and A ^ fS C ^ ^ - l8H2O) reagent 
grade chemicals.
In the emulsion drying process the solutions are not subjected to 
thermally induced drying. The degree of homogeneity achieved is dependent 
on the stability of the emulsion, or how well the droplets of sulfate solution (for 
example) are dispersed in a low vapor pressure immiscible liquid (continuous 
phase). A stable suspension of solid salt-particles in the immiscible liquid is 
then obtained by vacuum drying. The solid particles are subsequently 
deflocculated, precipitated, filtered, washed and decomposed. A variation of 
emulsion drying has been termed "hot-kerosene drying." Reynen and Bastius 
[1976] developed an emulsion technique in which an aqueous salt solution 
was dispersed, in an equal volume of kerosene, by mechanical agitation and in
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the presence of an emulsifying agent. This emulsion was then introduced as 
drops into hot kerosene. Instantaneous evaporation of water occurs, resulting 
in the precipitation of the salt particles. The particles are subsequently 
thermally decomposed to an oxide.
Evaporative decomposition of solutions (EDS) or spray pyrolysis is a 
technique whereby solvent evaporation and decomposition of a nitrate salt are 
conducted in a single step. Roy, et al. [1977] successfully employed this 
technique to produce C aA ^C ^ powder, from a multicomponent nitrate solution. 
The solution was atomized and conveyed by a gas into a vertical tube furnace. 
The effect of the temperature of the furnace was studied between 750 and 
950°C, and a poorly crystallized phase was obtained. A subsequent annealing 
treatment (900°C, for ~ 1 hr.) was required to improve the crystallinity of the 
powder. The degree of crystallinity, not surprisingly, was found to be 
dependent on temperature, and the length of the hot zone (i.e. residence time). 
Details on the degree of crystallinity as a function of residence time, however, 
were not provided. Results of further investigation indicated that the particle 
size was dependent on concentration of the solution and the air-jet atomizer 
pressure. In particular, a 12-fold decrease in concentration resulted in 10-fold 
reduction in particle size. At "high" air-jet pressures, agglomeration occured 
due to turbulent-flow behavior. Conversely, at "low" air-jet pressures, a broad 
distribution of particle sizes was achieved.
A modification of the EDS technique is the spray-ICP method, in which a 
salt solution is sprayed into an inductively coupled rf thermal plasma (ICR). In 
addition to solvent evaporation and metal salt decomposition, the high-
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temperature plasma provides for the requisite high temperature for the 
formation of a crystalline oxide. No literature was uncovered where this 
technique has been used for the production of multioxide ceramic powder. 
Lau, et al. [1988], however, provide information on the synthesis of zirconia 
powder in an rf plasma by in jection of inorganic liquid precursors 
(Zr(S0 4 )2'4H20  dissolved in water).
Freeze-drying differs from other volatilization methods in that rapid 
freezing preserves the homogeneity of the solution. Freeze-drying has been 
u tilized  in the production of m agnesium  a lum inate , where an 
aluminum/magnesium sulfate solution was the starting material [Paulus, 1978]. 
This cryogenic method produces chemically homogeneous powders through 
the rapid freezing of the liquid solution. The freezing must be rapid to prevent 
phase separation of the components. The solution is usually sprayed into a 
liquid nitrogen bath. The resulting solid is then freeze-dried, for solvent 
removal, at a subatmospheric pressure in a low temperature condenser. Since 
water is usually the solvent in these systems, it is necessary that hydrated water 
be eliminated through close temperature control of the freeze-drying chamber. 
The final product is calcined and sintered by conventional techniques. This 
freeze-drying process produced some unexplained heterogeneities (when 
used in the production of M g A ^ O ^ ; possibly due to cation non-equilibrium 
vapor partial pressure during heat treatment.
One of the most w idely-used techniques for the synthesis of 
homogeneous multioxide ceramic powder from solution is the sol-gel process. 
The gelation-evaporation technique encompasses many processing schemes
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and the sol-gel method may be classified under this heading. Mitchell [1972] 
has reported on the chemical preparation of M gA^C ^ by gel processing. A gel 
is produced by mixing an aluminum hydroxychloride solution with a 
magnesium hydroxide solution. The thermally dried gels are subsequently 
ball-milled, resulting in a fine amorphous powder. Likewise, Z nA ^C ^ powder 
has been produced [Keller, et al., 1988] by mixing zinc nitrate and aluminum 
nitrate solutions. A gel results through the slow evaporation of water. 
Post-gelation treatm ent includes gel drying, grinding, and calcination. 
However, no details were provided.
Organic solution synthesis - solvent vaporization: Cation mixing at the 
molecular level may be obtained through the use of metal-organic compounds; 
specifically, metal alkoxides. Oxide powders produced from metal alkoxides 
sinter at lower temperatures. The attractiveness of using these precursors 
includes: submicron particle sizes (high reactivity associated with high
(non-fractal) surface area), high purity and homogeneity at the molecular scale 
[Yoldas, 1977]. An alkoxide can be represented by the generic chemical 
formula, M(OR)n, where M denotes the metal, and n, the valence of the metal. 
The alkyl group, CxH2X+i,  is represented by R. One technique of synthesizing 
multicomponent oxides from metal alkoxides is through hydrolysis and 
dehydration (gelation-evaporation). The dehydration or drying of double 
alkoxide and mixed alkoxide gels has been accomplished with spray-drying 
and batch drying/evaporation.
The method of batch drying/evaporation has been reported quite 
frequently in the literature. Variations of this method include air and vacuum
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drying, and the use of a dry helium atmosphere. The processing of lead 
magnesium niobate (PMN) powder is representative of this technique. Since 
the temperature used to prepare lead based materials must be kept low to 
prevent loss of PbO [Ravindranathan, et al., 1988], this can be conveniently 
achieved by sol-gel techniques. Hydrolysis of a complex alkoxide solution 
(lead acetate, magnesium ethoxide and niobium ethoxide) produces a gel in 
approximately 24 hours. Solvent removal is effected by drying the gel at room 
temperature for 2-3 weeks, followed by heat-treatment at 320°C for 1 hr.. The 
resulting powder has been referred to as "product " (free of organics) and is 
highly agglomerated with irregular particles. No details on the classification or 
reduction of these powders was provided.
Spray-drying provides a viable alternative method to batch-treatment for 
the devolatilization of gels. Graas [1989] produced amorphous magnesium 
aluminate by spray-drying of a double-alkoxide-derived gel. Features of the 
system include an alkoxide synthesis reactor, spray dryer, cyclone and powder 
collector, refrigeration system to condense vapors and an inverted cyclone to 
separate circulating gas and condensed droplets. The amorphous powder, 
upon spray-drying, was chemically homogeneous and fine. Furthermore, the 
particles were spherical, which is optimum from a sintering stand-point.
b. P rec ip ita tion -filtra tion  The precipitation method is perhaps the most 
common synthesis technique, where both inorganic salt solutions as well as 
alkoxides are utilized. When organic salts are used for preparing mixed oxides, 
a homogeneous solution is first produced by mixing the requisite ratio of cation
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components. A precipitating agent is then added, which causes the solubility 
product of each cation component to be exceeded. The alkoxide route utilizes 
addition of excess water which decomposes the alkoxides. In both cases, 
either the salt precipitate or the insoluble hydroxides are separated by filtration, 
dried, and calcined.
A variation of this method incorporates a liquid extraction method, termed 
"liquid-liquid drying.” Solvent removal is accomplished by spraying a 
dispersion of an aqueous solution into a desiccant liquid, such as acetone. 
Dehydration results in precipitation of either metal salts or the formation of a gel 
depending on the precursor solution.
/. Inorganic solution synthesis - precipitation-filtration: This processing 
scheme uses reagent grade inorganic chemicals and consequently is 
relatively inexpensive. Schwartz, et al. [1986], have produced lead zirconium 
titanate (PZT) powders by precipitation from nitrate and chloride precursor 
solutions. Controlled precipitation was achieved by using a continuous-flow, 
constant volume reactor. The precursor solution is sprayed into a NH3/H 2O 
solution and precipitation is accomplished by the controlled addition of 
ammonium hydroxide. The precipitated powders are subsequently washed 
and dried by: either spray-drying; freeze-drying in a liquid nitrogen bath; or 
centrifugal freeze-drying. The freeze-drying methods investigated produced 
agglomerated powders. However, spray-drying produced a morphologically 
ideal product, in which the particles were spherical and have a relatively 
narrow particle size distribution (0.1-3 pm).
Jaeger and Miller [1974] developed a method by which M gA^C ^ powder
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was prepared by the dehydration of an aqueous salt solution 
( A ^ S O ^ - IS h ^ O  and MgS0 4 *7H2 0 ) in a desiccant liquid. The salt solution 
was atomized by spraying into a vortex of the desiccant liquid-acetone. The 
acetone extracts the water from the droplets of salt solution leading to 
co-precipitation of the metal salts. The precipitate was separated from the 
desiccant liquid by vacuum filtering. The process may be used for single- and 
multi-oxide systems; however, information on the characterization of the 
M gA ^C ^ prepared, was not presented.
M gA ^C ^ powder has been produced in a high temperature "fluid energy 
mill" by thermal decomposition of inorganic salt (M g ^ O g ^ 'S h ^ O  and 
AI(N0 3 )3 ’9H2 0 ) solutions, or slurries [Rettew, et al., 1972]. Typically, the salts 
are dissolved in water and co-precipitated with ammonia in a "hydrous oxide 
reactor." Rapid thermal treatment, utilizing air or steam (~800°C), followed by 
milling, produces small particles in which total removal of the volatiles is 
achieved. The rapid thermal treatm ent did not appear to promote 
crystallization. The powder requires calcination prior to sintering, but no details 
on this aspect were given. Compacts produced from the powders, were found 
to density to 97-99% of the theoretical value, upon sintering at 1450-1650°C.
Co-precipitation has also proved a viable technique for the production of 
M gAl2C>4 powder [Bratton, 1969]. Selective precipitation of magnesium or 
aluminum hydroxide is readily accomplished, but conditions for co-precipitation 
requires information on the solubility products of each, for the determination of 
the optimum pH. Bratton investigated two co-precipitation schemes; the first 
utilized magnesium and aluminum chlorides from which a double hydroxide
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and gibbsite (A^Og-Sh^O) were precipitated and in the second oxalic acid was 
added to the mixed chlorides and from which magnesium oxalate and 
gelatinous aluminum hydroxide precipitated. The precipitating agent used in 
both cases was ammonium hydroxide. The gel from the first scheme was dried 
by heating (80°C) for 30 minutes. The product was then cooled to room 
temperature, washed, and then dried at 100°C. The precipitate from the 
second scheme was washed with a dilute aqueous ammonia solution and 
subsequently dried at 100°C.
//. Organic solution synthesis - precipitation-filtration: Hydrolysis of an
alkoxide can not only result in the formation of a gel, but also in precipitation of 
a hydrated oxide. Precipitates produced by hydrolysis of alkoxides are usually 
separated by ultrafiltration.
LiNbOg powder has been synthesized by controlled hydrolysis of a mixed 
alkoxide (lithium ethoxide and niobium ethoxide, diluted with ethanol) [Hirano 
and Kato, 1987]. These alkoxides are reactive with atmospheric moisture and 
carbon dioxide, and consequently the mixing of the alkoxide and hydrolysis 
are conducted under high-purity dry-nitrogen. The controlled hydrolysis, using 
a distilled water/ethanol solution, yields a gel precipitate which is filtered and 
then heated in a flow of water vapor or oxygen gas (350°C). Water vapor was 
shown to enhance crystallization and serves to extract adsorbed organic 
groups on the as-precipitated powder. Furthermore, the use of a water/ethanol 
mix during hydrolysis promotes a homogeneous hydrolysis reaction. The 
resulting powders are submicron size.
Aluminum titanate has been produced by a powder-coating process
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[Heistand, et al., 1986]. A dispersion of classified alumina powder in a titanium 
alkoxide solution, is hydrolyzed. The stepwise hydrolysis of titanium alkoxide 
controls the deposition rate of the titanium oxide on the alumina particles and is 
effective in producing nonagglomerated powder. The A ^O g-T iC ^ composite 
powder is recovered by centrifuging. Heistand, et al. [1986], also report on the 
synthesis of AlgOg-ZrOg composite powder, prepared in a similar way. A 
dispersion of alumina in zirconium tetra-n-propoxide diluted with dry ethanol, is 
mixed with a wet (saturated) stream, ethanol in water, in a continuous flow 
reactor. The stream hydrolyzes the zirconium tetra-n-propoxide which then 
produces a zirconium oxide coating on the alumina particles. The resulting 
powder is autoclaved in water for 5 hrs. at 250°C, consolidated at 5000 psi in a 
colloid press and air dried at room temperature.
Watson, et al. [1988], report on the synthesis of PbTiC>3 by hydrolysis of 
alkoxide precursors. Titanium isopropoxide diluted with ethyl alcohol is mixed 
with lead acetate dissolved in water. The pH (9.5-9.6) of the solution is 
adjusted with ammonium hydroxide to produce optimum conditions for 
hydrolysis of Pb^+. The dissolution of the hydrous metal oxides is followed by 
precipitation. The hydrous oxide precipitates are then hydrothermally treated 
(in-situ crystallization) in an autoclave at a temperature between 200 and 
300°C, under autogeneous pressures (1.75-9.48 MPa). Powders produced are 
high purity, of two morphologies, possibly due to two competing formation 
mechanisms.
c. Solvent com bustion Solvent combustion is a technique whereby a
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combustible solvent in the solution is burned so as to produce a dried 
heat-treated oxide powder. The procedure has been used for the production of 
ferrites [Johnson and Gallagher, 1978], in which nitrates were dissolved in 
alcohol and subsequently pyrolyzed in an atomizing burner. In another 
application barium titanate has been produced by burning barium and titanate 
alkoxides (alcoholates), mixed in an organic solvent, with oxygen.
2.2.2 Vapor/Gas Phase Synthesis Techniques
Vapor-phase synthesis techniques have received considerable attention, 
for the production of carbides and nitrides. However, this review is focused on 
those applications which yield multicomponent oxide powders. Four categories 
can be identified: vaporization-condensation, vapor decom position,
vapor-vapor reactions, and vapor-solid reactions [Johnson, 1981].
Vaporization-condensation processes produce ultrafine multicomponent 
oxide powder by evaporation or sublimation of a coarse refractory material 
("comminution by vaporization," [Sheer, et al., 1982]). High intensity dc arcs 
and electron-beam devices are required to volatilize the solid refractory 
particles. The ultrafine powder produced, is a result of precipitation from the 
gas phase.
Vapor decomposition of alkoxides can be conducted at temperatures not 
exceeding 300°C. If the desired components exist in the vapor, 
nominal-composition powders may be precipitated from the gas phase. This 
method is restricted to those systems in which all of the components exist 
simultaneously within the vapor phase.
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The formation of oxide powders by gas-phase reaction is achieved by 
reacting volatile metal chlorides with water vapor or other metal halides with 
oxygen. The powders are produced in an rf plasma or an arc plasma, in which 
the requisite high temperatures for reaction exist.
An example of oxide production by vapor-solid reactions is vapor-phase 
oxidation, conducted via the evaporation of a metal powder.
Vapor synthesis techniques are primarily suitable for the preparation of 
single oxides. The composition of multicomponent oxides, in general, cannot 
be readily controlled by vapor-phase synthesis, because of differences in vapor 
pressure of the component materials. The following examples, however, 
represent vapor synthesis techniques that have been successfully employed in 
the production of multicomponent oxide powders.
/'. Inorganic vapor synthesis: Thermal decomposition of salt mixtures is 
commonly used in the production of multicomponent oxides. The necessary 
criterion for producing nominal-composition oxides is that the component salts 
must each decompose at approximately the same temperature. Synthesis of 
magnesium aluminate has been achieved by the thermal decomposition of 
hydrated nitrate mixtures [Messier and Gazza, 1972]. The reagents used in the 
investigation were AI(N0 3 )3 *9 H2 0  and Mg(N0 3 )2*6H20 , in stoichiometric 
proportions. Subsequent processing, prior to thermal decomposition, included 
fusion of the salts, quenching, crushing the quenched material into "coarse 
lumps," and dehydrating in vacuum (~90°C). Thermal decomposition was 
accomplished in air (400°C) and resulted in the formation of small crystallites of 
magnesium aluminate. The resulting powders require an additional grinding
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step and subsequent calcination (1000°C).
Metal chloride vapors can be reacted with water vapor, at high 
temperature, to yield oxides. Rutile, for example, has been produced by 
reacting T iC l^g ) with water vapor [Reed, 1988]. However, no literature was 
uncovered for the production of multicomponent oxides.
Thermal plasmas, utilizing consumable and nonconsumable anodes, 
have been employed in the synthesis of ultrafine powders. The high 
temperatures achieved in plasmas make this vapor synthesis technique an 
attractive processing route. Lau, et al. [1988], have investigated the synthesis 
of zirconia powders in an rf plasma by injection of inorganic liquid precursors. 
In another application, Fe2C>3 and MgO powders have been co-vaporized with 
an arc plasma to yield crystalline ferrite powders [Sheer, et al., 1982].
Finally, a vapor-phase oxidation technique has been reported for the 
production of magnesium aluminate powder [Itatani, et al., 1989]. The powder, 
manufactured by Ube Industries Co. Ltd., it is claimed, is synthesized by direct 
oxidation of magnesium and aluminum vapors, which are generated as a result 
of "heating" Mg-AI alloys.
//'. Organic vapor synthesis: Simultaneous vapor phase thermal
decomposition of yttrium and zirconium alkoxides has been employed to yield 
high purity, submicron oxide powder [Mazdiyasni, et al., 1967]. Gas-phase 
hydrolysis of mixed alkoxides, quantitatively precipitates homogeneous 
multicomponent oxides. In order for the process to be viable, the reaction rates 
for decomposition of the respective alkoxides must be similar. It had been 
stated in earlier work [Mazdiyasni, et al., 1965], that the composition of the
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vapor phase is dependent on the volatility of the alkoxides; first order rates of 
reaction. An apparatus used for the pyrolysis of alkoxides was also described- 
the alkoxides are hydrolyzed and thermally decomposed in one reaction 
chamber. The by-products of the pyrolysis are alcohols and olefins.
Powder consisting of ultrafine-particles of titanium, silicon, and aluminum 
oxides, have been produced by thermal decomposition of metal alkoxide 
vapors [Okuyama, et al., 1986]. The individual alkoxide vapors were 
continuously supplied to a high-temperature furnace (400-900°C). Thermal 
decomposition of the alkoxide vapors produce a supersaturated metal oxide 
vapor. At high supersaturation, ultrafine, primary metal oxide clusters are 
homogeneously nucleated. The ultrafine "particles" are amorphous as 
detected by x-ray diffraction, and were collected with an electrostatic 
precipitator.
Metal oxide powders have also been produced by chemical reaction with 
alkoxide aerosols. Ingebrethsen, et al. [1983] have investigated the formation 
of multicomponent oxide powders. Specifically, mixed hydrous titania/alumina 
powders were produced by reacting a mixed metal alkoxide aerosol with water 
vapor. The volatility of aluminum sec-butoxide and titanium ethoxide permits 
formation of a stable mixed aerosol. The respective alkoxide vapors are mixed 
and then condensed onto AgCI particles which are dispersed in a carrier gas. 
The AgCI serves as a nucleating material. The aerosol obtained is 
subsequently hydrolyzed with water vapor in a heated chamber, to yield 
amorphous hydrous mixed oxide powders. The resulting powders have a 
narrow particle size distribution and consist of uniform colloidal spheres (0.1pm
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in diameter). The colloidal size of the powders is attributed to the use of 
aerosol technology, coupled with a large volume reduction; inherent to the 
process. Also, due to the colloidal nature of the particles, the reaction times are 
on the order of m illiseconds. The m ajor draw back of th is 
evaporation/condensation technique is that the rate of material production is 
exceedingly small [Matijevic, 1982]. "Low aerosol concentrations" are said to 
be necessary to avoid coagulation.
2.3 Sintering
Sintering is a high temperature process that is driven by the requirement 
of minimization in total free-energy of the system. During sintering, the 
microstructure is developed as a result of mass transport, accompanied by pore 
annihilation (densification). An optimum microstructure requires stringent 
control of the starting precursor powder. In addition to this, high fired-densities 
result from proper sintering conditions and high green (unfired) densities (i.e. 
the green powder compact should be as chemically and structurally 
homogeneous as possible). Highlights of ideal powder characteristics are 
presented here. Following this, the fundamentals of sintering will be reviewed 
with emphasis on the various transport mechanisms that are possible in the 
solid-state sintering of ceramic powder compacts.
2.3.1 Optimum Characteristics of Powder for Sintering
The properties, and hence, the performance of a poly crystalline ceramic 
component depend on the characteristics of the precursor powder. High
T-3935 35
chemical purity is essential for controlled crystallinity. Complete and controlled 
densification is determined primarily from the geometry of the particles. This 
includes particle size and size distribution, and the degree of agglomeration.
An optimum sinterable powder should have small particle-size 
(0.1-1.0pm) and narrow particle-size distribution. Ultrafine particles may be 
sintered at lower temperatures than conventional powders due to a higher 
surface reactivity. The high surface reactivity is a consequence of "lower 
density" powders and hence, powders with greater "densifying properties" 
[Hoch and Nair, 1978] and enhanced sintering kinetics. It is not clear if this 
lower density is attributed to internal porosity of powder particles.
Discontinuous grain growth and incomplete densification result from a 
nonuniform particle-size distribution; thus a narrow particle-size distribution of 
spheroidal particles is optimum, in that pores are annihilated uniformly during 
sintering.
Ideally, a nonagglomerated powder is required for complete densification 
during sintering. Lack of controlling the degree of agglomeration in the powder 
results in nonuniformity in packing and heterogeneities in the microstructure. 
Reed, et al. state that agglomerates greatly affect the evolution of 
microstructure, and ultimately the temperature and grain sizes required for 
densification [Lange, 1984]. The state of agglomeration also places a 
constraint on green density, and further inhibits the sintering kinetics [Rhodes, 
1981]. This constraint on green density is a result of a nonuniform distribution 
of pore sizes.
To summarize, a desirable precursor powder which is to be subsequently
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sintered can be assigned the following characteristics:
a. High chemical purity-which is essential for controlled crystallinity
b. Small particle-size-which enhances sintering kinetics
c. Narrow size distribution and spheroidal shape--for enhanced 
packing, and control of exaggerated grain growth (i.e. 
controlled densification)
d. Un-agglom erated powders—which would otherwise place a 
constraint on green density and thereby also inhibit sintering.
2.3.2 Fundamentals of Solid-State Sintering
As stated earlier, the driving force for sintering is the requirement for 
minimization in total free-energy, which includes free energy reduction due to 
volume, grain boundaries, and surface of the grains [Reed, 1988]. The 
predominant reduction in total free energy is associated with the surface 
free-energy. During sintering the surface tension of the solid particles gives 
rise to chemical potential gradients. The chemical potential difference between 
two adjacent surface locations is related to the respective surface curvatures, 
as expressed by the Gibbs-Kelvin equation:
Ap=ys£2(1/R2-1/R-|) [Lange, 1988] 
where Ys = surface energy per unit area,
n  e= atomic volume of the mobile species 
R1 )R2 = rac^  curvature (1 = particle surface, 2 = 
neck region).
During densification, the differential surface curvature induces mass transport
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to the contact area , thereby reducing the total free-energy.
Coarsening (grain growth) is also driven by a reduction in the surface 
free-energy and is described as interparticle transport. Although coarsening is 
a slower transport mechanism than densification, it plays a role in the sintering 
process by transporting material from small particles to large particles, based 
on radii of curvature of adjacent small and large particles.
Densification leads to bulk shrinkage whereas coarsening does not. Both 
processes are controlled by the pore distribution of the compact, which thus has 
a strong influence on the sintering kinetics [Harmer, 1988]. In general, a wide 
distribution of pore (and particle) sizes inevitably leads to coarsening. Optimum 
sintering often results when the pores are small and distributed uniformly.
Solid-state sintering is commonly divided into three stages (initial, 
intermediate, and final) which are characterized according to the pore structure 
development of the compact. The mass transport mechanisms in ceramic 
systems are complex and may vary from one stage of sintering to another. 
There are four transport mechanisms that result in volume shrinkage—grain 
boundary diffusion, lattice or volume diffusion, viscous flow and plastic 
flow -and, two mechanisms that do not result in shrinkage-surface diffusion 
and evaporation/condensation or vapor transport [Reed, 1988]. A review of 
general m icrostructural changes that occur during the three stages of 
solid-state sintering now follow.
Initial stage sintering is generally modeled by two spheres in contact and 
is characterized by particle joining and surface smoothing which occur as a 
result of a local chemical potential gradient [Reed, 1988]. Surface diffusion is
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evident during initial-stage sintering [Johnson, 1978]. Diffusion of atoms from 
convex surfaces to concave surfaces results in mass rearrangement. Although 
there is no shrinkage associated with surface diffusion, significant reduction in 
surface area and surface free energy occurs.
Initial-stage densification occurs by the mechanisms of lattice and grain 
boundary diffusion and results in pore shrinkage and neck growth. Data on 
grain boundary diffusivities are sparse, but this mechanism still receives 
attention. The grain boundaries act as paths for mass transport, as well as a 
source of material for neck growth between particles. Volume and grain 
boundary diffusion, both driven by the chemical potential gradient present, 
occur when atoms diffuse from the surface of particles and grain boundaries, to 
the neck surface (from convex surfaces, areas of high chemical potential to 
concave surfaces, areas of low chemical potential). Unlike surface diffusion, 
vacancy diffusion occurs simultaneously with atom diffusion, but in the opposite 
direction. Vacancies are subsequently annihilated at grain boundaries and 
particle surfaces.
During intermediate-stage sintering the pore structure is characterized as 
continuous pore channels. This stage of sintering is perhaps the most complex, 
in that further densification is strongly influenced by the starting precursor 
powder. Although the densification mechanisms cited above act to decrease 
pore size, grain growth may further complicate this stage. Any heterogeneities 
in composition or structure will most likely intensify grain growth, thereby 
resulting in pore coalescence. Densification during intermediate- and 
final-stage sintering is strongly dependent on the rate of grain growth and the
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association of pores with grain boundaries [Reed, 1988]. The pore 
coordination (number of surrounding grains) as well as its diameter determine 
whether or not the pore will shrink or grow during these stages of sintering.
Final-stage sintering densification may result in two types of features 
depending on the structure produced by intermediate-stage sintering. Ideally, 
final-stage sintering is characterized by closed, spherical pores, which are 
dispersed uniformly through the matrix at grain boundary triple points. In 
contrast, exaggerated grain growth or secondary recrystallization can also 
occur, and most likely is due to a heterogeneous pore-size distribution initially.
Evaporation/condensation or vapor transport is a mechanism which is 
manifested at relatively high temperatures. It is similar to surface diffusion in 
that no net densification occurs [Reed, 1988]. This mechanism is particularly 
important in systems where the vapor pressure of a species is relatively high.
Finally, macroscopic flow mechanisms include viscous flow and plastic 
deformation. These mechanisms are relevant in the presence of a low 





Aerosol technology is a primary aspect of this research, consequently a 
summary highlighting the important features and glossary are presented here. 
The effect of drop radius on the saturation vapor pressure of constituents in the 
aerosol liquid is examined in regard to aerosol stability.
Design considerations related to the two powder producing reactors used 
in the research are also summarized.
Finally, fundamental concepts pertinent to the x-ray diffraction analyses 
conducted are provided. These concepts are important in gaining insight into 
the amorphous to crystalline transformation and are used to correlate the 
relationship between processing parameters and the crystalline structure of the 
powders produced.
3.1 Aerosol Technology
Colloidal systems are classified according to the nature of the dispersed 
and continuous phases, as shown in Table 3-1. The dispersed phase should 
have at least one colloidal (1-1000 nm) dimension and a characteristic high 
surface to mass ratio. Thus, an aerosol constitutes a colloidal system since it 
consists of liquid or solid particles dispersed in air.
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Gas — Fog, Mist, Spray Fume,Dust
Aerosol Smoke,
Aerosol
Liquid Foam Emulsion Sol, Slurry,
Suspension
Solid Sponge Gel Alloy
Aerosol technology encompasses a broad and diverse range of physical 
sciences that include pollution control, industrial hygiene, inhalation toxicology, 
atmospheric physics and chemistry, and radiological health [Hinds, 1982]. 
Furthermore, aerosol technology has a multitude of commercial applications in 
the manufacturing of various products. In the sections which follow, aspects of 
aerosol technology, salient to the research conducted, are summarized.
3.1.1 Parameters Used in Characterizing Aerosols
The parameters used to characterize aerosols are similar to those used in 
powder technology. The particle size and size distribution of the dispersed 
phase have the greatest influence on the bulk properties of aerosols. The 
aerosol density or mass concentration (mass of particles per volume of aerosol, 
M/L3) and the number concentration (number (counts) of particles per volume 
of aerosol, counts/L3 ) are two bulk properties that are most commonly
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specified. As described in subsequent sections, the interparticle behavior and 
that between particles and the continuous gas phase can be modeled best on 
the basis of a known particle distribution.
Particle size distribution is typically analyzed by statistical techniques. 
The lognormal distribution has been found to represent the size distribution 
most precisely, for aerosols. The lognormal distribution is particularly suited for 
particle-size data that encompass a wide range of values (the ratio of the 
largest size to smallest size is greater than 10). Furthermore, it avoids the 
physically unrealistic concept of negative particle size values, associated with 
the normal distribution.
'Lognormal' implies that the logarithm of the geometric mean size 
(diameter), dg, is normally distributed. The geometric mean size is equivalent 
to the arithmetic mean of the distribution of In dp, where dp represents the 
particle diameter. For this reason the geometric mean diameter may be 
replaced by the count (number) median diameter (CMD), which defines the size 
in the distribution above which half of the particles is larger and below which 
the other half is smaller. The count median diameter or geometric mean 
diameter is expressed as follows:
where nj = number of particles in the i^  interval 
N = total number of particles in the sample
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dj = midpoint diameter in the ith interval.
The geometric standard deviation, ag or GSD is represented by:
In a = g
For a lognormal distribution 95% of the particles fall within a size range 
exp[lndg±2 In ag] which is asymmetrical.
Finally, any of several commonly used averaged-diameters may be 
calculated from a lognormal distribution by using the Hatch-Choate conversion 
equations. The equations utilize the count median diameter, CMD and the 
geometric standard deviation, ag. The conversion equations follow the generic 
format:
da/CMD= exp(bln2ag). 
where da is the averaged diameter and b is a constant specific to the averaged 
diameter. Table 3-2 lists these constants for some common conversions.











One of the more important parameters used in describing aerodynamic 
behavior is the Reynolds number, Re. The Reynolds number, a dimensionless 
parameter, is used to characterize the fluid flow structure associated with a 
particular flow situation. In a general sense, it is proportional to the ratio of 
inertial forces acting on fluid elements relative to viscous forces. The 
expression for the Reynolds number is :
M-
where p = density of the fluid
\i = viscosity of the fluid
D = characteristic length associated with the system 
V = characteristic velocity associated with the system.
For flow in a circular tube, conditions for laminar flow require that the 
Reynolds number be less than 2100. In this case the characteristic length of 
the fluid element is the diameter of the tube, and the characteristic velocity is 
the average velocity.
The Reynolds number associated with a single particle interacting with a 
fluid in which it is completely submerged, is such that for Stokesian behavior 
(dominant viscous effects), its value must be less than 1. Since the 
characteristic length is the diameter of the particle, and the characteristic 
velocity is the relative velocity between the particle and the fluid, the particles in
T-3935
a quiescent gas-phase of an aerosol would be expected to exhibit low 
Reynolds number behavior.
The molecular scale interactions between the gas and the aerosol 
particles are important in the understanding of the aerodynamic properties of 
these systems. Brownian motion and diffusion are considerations in examining 
the stability of an aerosol in a confined system. Hinds [1982] defines Brownian 
motion of an aerosol particle as that motion, in the absence of external forces, 
which is caused by random bombardment of the particle by gas molecules. 
Furthermore, the kinetic energy of the particles undergoing Brownian motion is 
equivalent to that of the gas molecules, (3/2)kT. However, unlike gas 
molecules (under normal conditions), aerosol particles can "condense" onto 
stationary surfaces, thus depleting the concentration of particles in the aerosol. 
The deposition of particles on stationary surfaces is (in the simplest case) 
driven by a concentration gradient. Diffusion is therefore a primary transport 
mechanism in an aerosol system.
In addition to concentration-gradient driven diffusion, radiometric forces 
are also active in aerosol systems. Radiometric forces are defined as "forces 
that arise from asymmetrical interactions of a particle with the surrounding gas 
molecules" [Hinds, 1982]. The phenomena: thermophoresis, photophoresis, 
diffusiophoresis, radiation pressure and Stephan flow, impose relatively weak 
forces on aerosol particles. Nevertheless, they are significant due to the high 
mobilities of aerosol particles. For example, thermophoresis provides the basis 
for thermal precipitators, whereby a cold wall, relative to the gas temperature, is 
employed in the deposition or collection of submicron particles. The submicron
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particles experience a net force, in the direction of decreasing temperature, due 
to the presence of the thermophoretic force .
3.1.3 Interparticle Phenomena
Coagulation and agglomeration are important interparticle phenomena in 
liquid aerosol and solid aerosol systems, respectively. Coagulation occurs 
when aerosol particles (liquid drops) collide, due to the relative motion between 
them, and coalesce to form a larger drop. The specific surface area of the 
coagulate is lower than the combined surface areas of the individual drops. In 
agglomeration, however, surface areas of the particles are essentially retained.
In general, coagulation results in a decrease in the number concentration 
and an increase in the drop size. Close to monodisperse aerosol systems are 
possible by minimizing coagulation. This is achieved by diluting the aerosol by 
introducing additional gas to the system. Typically, coagulation is negligible if 
the number concentration is less than 10^ drops per cubic centimeter.
There are two types of coagulation-therm al and kinematic. The 
frequency at which each occur depends on the relative motion between the 
drops. Thermal coagulation, due to Brownian motion is most common in 
aerosol systems and is inevitable in high density systems. Kinematic 
coagulation is a result of relative particle motion induced by forces such as 
gravity or aerodynamic drag.
The number concentration of a given size drop after a time, t, as a result of 
reduction by coagulation, is given by the expression:
T-3935
1+N Kt0
where N0 = initial number concentration
K = coagulation coefficient.
The rate of coagulation, dN/dt, (a second-order process) is equal to -KN2. The 
second order behavior indicates that coagulation is rapid at relatively high 
concentrations, and diminishes rapidly as the number concentration is reduced. 
For idealized coagulation of monodisperse drops, the increase in drop size is 
given by:
d(t)=d0(1+N0Kt)1/3.
The coagulation process is controlled by two factors-d iffusion and 
absorption. Large drops have characteristic large surfaces which serve to 
occlude smaller drops which are contacted. On the other hand, small drops 
diffuse rapidly relative to larger ones. These effects when coupled result in 
ideal conditions for coagulation. Consequently, coagulation is rapid in 
polydisperse systems, compared to monodisperse systems. This enhancement 
in coagulation is apparent from a high coagulation coefficient associated with 
these systems, and which incorporate diffusional and drop-size factors.
Kinematic coagulation is a consequence of external forces such as gravity 
acting on the particles. In the presence of external forces, large particles have 
higher settling velocities relative to smaller particles. This net difference in 
relative velocities allows coagulation to occur. A particle with a higher relative
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velocity, therefore, exhibits a "high capturing effeciency."
3.1.4 Types of Aerosol Generators
A variety of aerosol generators are manufactured for calibration of 
particle-size analyzers, dispersion of powders, and testing of air-sampling 
equipment, to name a few. An ideal aerosol generator produces a stable and 
reproducible aerosol that consists of monodisperse, uncharged, spherical 
particles [Hinds, 1982]. The discussion that follows provides a summary of 
various types of aerosol generators.
The most common aerosol generator is a compressed air nebulizer that 
produces atomization of liquid, and where simultaneously large drops are 
removed by coagulation. A schematic of a DeVilbiss compressed air nebulrzer 
is shown in Figure 3-1. There are subtle differences in the various nebulizer 
designs, but the basic operating principle is universal. Compressed air 
(5-40psig) is injected through a small orifice at a high velocity. The high 
velocity jet creates a local low pressure region, relative to the system pressure, 
at the liquid inlet. As a result of momentum changes, the pressure difference 
created produces a flow of liquid from the reservoir. In the high velocity region 
of the jet, the liquid is accelerated to a high velocity where instability sets in, 
and the stream breaks up into small drops. The spray is then directed toward 
an impingement surface which serves as a collection site for large drops. The 
drops which are too large to be suspended in the air, upon impact, coalesce 
and then drain back into the reservoir. Table 3-3 is a compilation of the ranges 
of aerosol property values achieved with nebulizers.
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Figure 3-1. DeVilbiss Compressed-Air Nebulizer [Hinds, 1982].
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Table 3-3. Characteristic Properties of Aerosols Generated with Nebulizers
[Hinds, 1982].
Another type of nebulizer is an ultrasonic device which produces a higher 
concentration aerosol with a mass median diameter (MMD) of 5-10 pm. The 
nozzles are tuned to vibrate at high frequency due to ultrasonic waves created 
by a piezioelectric transducer. The waves are focused on a small volume of 
liquid, where, because of the high energy intensity, atomization occurs. The 
droplets can then be suspended by an auxiliary air stream. For frequencies 
between 12 kHz and 3 MHz, the count median diameter may be predicted by:
Mass Concentration ...............
Number Concentration ..........








where YL = surface tension of the liquid 
pj_ = density of the liquid 
f = frequency of the waves.
In addition to nebulizers, there are various other aerosol generators which 
are capable of producing monodisperse aerosols. This class of generators 
includes the vibrating orifice aerosol generator, spinning disk generator and
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evaporation-condensation generator. These devices require stringent control 
of operating parameters, as well as an effective means of dispersing the 
droplets, to prevent coagulation.
3.2 Effect of Droplet Radius on Equilibrium Vapor Pressure
The radius of the liquid drops present, is an important factor in 
determining the stability of aerosols; particularly when the drop size is 
submicron. At a given temperature the saturation vapor pressure, pGs, refers to 
the partial pressure of a vapor species in equilibrium with its pure liquid, where 
the vapor/liquid interface is planar. In addition, if the liquid surface is convex, 
such as a spherical drop, there exists a pressure difference, given by the 
Laplace equation:
P|_-PG=2?/r
where pLand pG =pressures on the two sides
(liquid and gas, respectively) 
of the interface 
y = surface tension of the liquid 
r = radius of the drop.
Nevertheless, for equilibrium between the vapor and liquid, the chemical 
potential of the two phases must be equal, therefore:
Pl =Pg
Also, for any reversible change:
dpL=dpG
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and for a constant temperature process:
VLdpL=VGdpG
where VLand VG are the molar volumes of the liquid and vapor, respectively. 
From the Laplace equation; for a change between equilibrium states:
dpL-dpG=d(2y/r)
Hence, on combining these last two equations, the following equation is 
obtained:
r 2yV -VG L
V, dpG = d
Since, the molar volume of the liquid is much smaller than that of the vapor 
(VL« V G), and the vapor (gas) behaves ideally then:
RT ^• dp„_ =
Pgv l
Now, in general, the molar volume of a liquid is essentially pressure 
independent, therefore the above equation may be recast as an integral 
equation:
T-3935 53
which when evaluated, gives:
Pq 2yV 4Mv
RT ln(— ) = ------L =
ds r PdPq h P
where pGs = saturation vapor pressure when the
interface is planar ( r = ® o )  
dp = drop diameter 
M = molecular weight of the liquid 
p = density of the liquid.
This relationship has been referred to as either the Thompson, or Kelvin 
equation. It is seen that the equilibrium vapor pressure of a liquid drop 
increases as its size decreases. Thus, in an aerosol small drops decrease in 
size while larger drops will tend to grow. At the same time, the process is 
self-compensating due to the enthalpy changes associated with evaporation 
(small drops) and condensation (large drops). Therefore, the temperature of 
small drops decreases while that of large drops increases, resulting in a 
decrease and increase, respectively, of the local vapor pressure.
3.3 Phase 1 - System Design Considerations
Several important issues were examined prior to designing and building 
the experimental system. These are summarized below.
3.3.1 Mixed Double Metal Alkoxide
The organic precursor used was a Mg-AI double alkoxide mixture,
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supplied by Akzo Chemical Inc. (Dobbs Ferry, NY). It consisted of aluminum 
(ill)  sec-butoxide and magnesium (II) methoxypropoxide diluted with 
approximately 50 vol.% 1-methoxy, 2-propanol (1M2P). The stoichiometry 
associated with this mixture may be written as follows:
Mg(OCHCH2OCH3)2-2AI(Os-C4Hg)3.
CH3
There are two advantages in using a mixed alkoxide: the stoichiometry of 
the alkoxide may be varied to account for preferential component losses in 
subsequent processing; and, more specific to aerosol processing, the dilution 
ratio offers some flexibility in varying aerosol properties.
A metal alkoxide, M(OR)x is derived by an alcoholysis reaction in which 
the hydroxylic hydrogen is replaced by a metal. When a metal alkoxide reacts 
with water, hydrolysis occurs. A generic hydrolysis reaction of an alkoxide may 
be written as:
M(OR)x + xH20  = M(OH)x + xROH 
where M = metal
x = valence of the metal 
R = alkyl group 
ROH = alcohol.
The first design consideration was to determine the stoichiometric amount 
of water required for hydrolysis. The hydrolysis reaction for the alkoxide 
mixture used may be written as:
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M g(0-C4H90 )2*2AI(0-C4H9)3 + 8H20  = Mg(OH)2-2AI(OH)3 + 
2(OH-C4HgO) + 6(OH-C4H9).
Thus 8 moles of water per mole of double alkoxide is required. To ensure 
complete hydrolysis an amount of water greater than 10 times the 
stoichiometric requirement was supplied in the form of steam (thus assuring 
rapid diffusion of water to the alkoxide drops in the aerosol). In addition, in 
order to prevent partial hydrolysis in the aerosol generator, the water content of 
the compressed air used in the nebulizer was reduced to less than 2 ppm, 
using a regenerative cyclic air dryer.
In regard to the kinetics of hydrolysis, it was expected that hydrolysis 
would occur in a time of the order of 10-100 milliseconds. The expectation was 
based on the work of Ingebrethsen and Matijevic [1984] who provide an 
excellent summary on the kinetics of hydrolysis of metal alkoxide aerosol 
droplets in the presence of water vapor. The kinetics of the Al-Ti alkoxide 
system was investigated by light scattering measurements, from which changes 
in particle size distribution and refractive index of the aerosol were monitored. 
During hydrolysis the optical properties and particle size distribution of the 
aerosol undergo significant changes. These investigators determined the 
extent of hydrolysis as a function of reaction time by measuring the centerline 
velocity at various axial positions with a hot wire anemometer. The centerline 
velocity decreased and the velocity profile flattened, as hydrolysis occured. 
Large volume losses of the droplets occur during the initial hydrolysis reaction 
period (-40 ms). Particle size was found to decrease, at a slower rate, after this
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period, as precipitation of the hydrous oxide product occurs. The contributing 
mechanisms of hydrolysis were identified as: 1) diffusion of water vapor to the 
aerosol alkoxide drop, 2) hydrolysis at the surface or within the aerosol drop, 
as influenced by the physicochemical changes occuring, and 3) diffusion of 
water and/or alcohol within the hydrous oxide product formed.
3.3.2 Flowrates for Laminar Conditions
In aerosol systems, laminar flow is desirable in order to minimize 
particle-particle interactions and thereby achieve a narrow size distribution.
Preliminary Reynolds number calculations provided a basis for selecting 
the system flowrates. A tapered hydrolysis reactor, whose diameter decreased 
in the direction of flow was available from a previous study [Graas, (CSM) 
1989]. Details of the reactor are given in section 4.1.3.
For laminar flow in a circular tube, the Reynolds number must be less than 
2100. On the basis that the major gas component is air at 25°C, and for a tube 
I.D. of 4 cm., the onset of fully developed turbulence occurs at a volumetric 
flowrate of 1097.7 c m ^ / s  or 65.7 Ipm. Thus if the system is operated at a 
volumetric flowrate less than 65.7 Ipm, laminar flow could be maintained.
Further calculations verified that the particle settling velocity (the velocity 
of the particle relative to the fluid flow), - 5* 10"^ cm/s, is negligible when 
compared with the flow velocity (velocity of air relative to the tube), -87  cm/s.
The residence time of an aerosol drop in the hydrolysis reactor was also 
estimated. Based on the flowrate calculated previously, and the geometry of the 
hydrolysis reactor, a residence time of at least 180 ms could be expected. This
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appeared to be satisfactory for assuring hydrolysis of the alkoxide drops when 
contacted by the steam/air mixture introduced into the reactor, based on the 
work by Ingebrethsen and Matijevic [1984] who found that the reaction could be 
completed in approximately 40 ms.
3.3.3 Amount of Solvent Transferred to the Gas Phase
Hydrolysis of the double alkoxide results in the formation of a hydrous 
oxide product and alcohol. From a safety standpoint, the amounts of solvent 
generated must be known in order to properly design a system for removal of 
the components from the exhaust air.
The constituent aikoxides were treated separately since the alcohol 
product associated with each is different. There are two alcohol species 
generated from hydrolysis; 1-methoxy, 2-propanol (1M2P) and sec. butyl 
alcolhol (2-B). The respective hydrolysis reactions are:
1M2P: Mg(0-C4Hg0 )2 + 2H20  = Mg(OH)2 + 2(OH-C4HgO)
2-B: 2AI(0-C4Hg)3 + 6H20  = 2AI(OH)3 + 6(OH-C4Hg)
In addition to the alcohol species generated from hydrolysis, the diluent, 1M2P, 
has to be considered.
It is seen that for every mole of double alkoxide hydrolyzed, 2 moles of 
1M2P and 6 moles of 2-B are produced. In addition each mole of double 
alkoxide is associated with 7.5 moles of the diluent, 1M2P. Therefore, for each 
mole of alkoxide supplied to the reaction 9.5 moles of 1M2P and 6 moles of 2-B
T-3935 58
are ultimately transferred to the gas phase.
The volumetric output of aerosol from the nebulizer, which is described in 
section 4.1.2, had to be identified prior to determining the actual rate of solvent 
produced. Water was used in a simulation run of the nebulizer, instead of the 
alkoxide mixture. For an air flowrate of 6 Ipm, 0.6 grams of water were 
atomized per minute. Thus, on the basis of a mass flowrate of 0.6 grams 
precursor per minute (4.38*10 "4 gmoles double alkoxide per minute), 
approxim ately 4.16*1 0 '^  gmoles 1M2P and 2.63*1 0"^ gmoles 2-B are 
produced per minute in the hydrolysis reactor.
3.3.4 Partial Pressure of Water Vapor
To avoid condensation of water in the hydrolyzer or cyclone the partial 
pressure of water in the gas phase must be lower than the saturation vapor 
pressure corresponding to the temperature of the gas mixture. A plot of 
saturation vapor pressure of water as a function of temperature is shown as 
Figure 3-2.
The partial pressure of water is the product of the mole fraction of water 
vapor in the gas mixture and the total pressure of the system.
3.3.5 Flammabiiitv Limits
Alcohol in the air mixture of the hydrolysis reactor can spontaneously 
ignite and lead to an explosion. Flammability lim its-volume percent alcohol in 
a ir-a re  specified for alcohols. Within these limits a self-propagated explosion 
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Figure 3-2. Saturation Vapor Pressure of Water as a Function of 
Saturation Temperature.
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Cooper, 1977] of related alcohols generated in this system.
Table 3-4. Flammability Limits of Selected Alcohols in Air.
Alcohol Lower Limit Upper Limit
(4) (vol. %) (Uj)
methyl alcohol, CH4O 0.7 36
n-propyl alcohol, C3H3O 2.2 14
n-butyl alcohol, C4H1QO 1.7 9.8
The flammability limits of the gas mixture produced were calculated using 
the following equations [Rose and Cooper, 1977]:
Lmix = 100/(% 1/L1+%2/L2+%3/L3+...)
and
U mix = 100 / (% 1/U 1+ % 2 /U 2 + % 3 /U 3 +...)
where Lm jx = lower flammability limit of the gas mixture
U m j x  -  upper flammability limit of the gas mixture 
%j = volume percent of constituent alcohols.
The alcohol, 1-methoxy, 2-propanol, was treated as a 50/50 vol.% mixture of 
methanol and propanol in the calculation. Based on the composition of the 





Based on an air flowrate of 65.7 Ipm, the flammability is much lower (-.001%) 
than the lower limit.
3.4 Phase 2 - System Design Considerations
Most of the design issues already covered in section 3.3 apply directly to 
the AHC reactor. This system incorporates an additional processing element, a 
tube furnace for crystallization of the powders. The design considerations are 
related to this system component.
The Reynolds number calculation was based on the same flowrate 
calculated in section 3.3.2, 65.7 Ipm. For a 2" I. D. tube and air temperature of 
900°C, this corresponds to a Reynolds number of 142. Furthermore, for the 
given flowrate, and geometry, a residence time of - 1.1 seconds is expected.
In addition to flow structure calculations, radiative heat-transfer rates were 
also assessed. The calculations do not consider the enthalpy effects 
associated with the evaporation of water and organics from the particles. The 
model is based on the particle and a gas volume associated with it, sharing a 
common temperature. This is due to the high intrinsic rate of heat transfer 
between the particle and the gas. In principle, the surrounding gas phase must 
be at a slightly lower temperature than that of the particle. On the basis of this 
idealization, the radiative heat-transfer rate is such that simultaneous to 
increasing the temperature of the particle, the particle transfers heat to the
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surrounding gas, via heat convection. The size of the hydrous metal oxide 
particles (~1 pm) is such that heat conduction within the particle is not expected 
to be a rate-controlling mechanism for heat transfer. Thus, the temperature of a 
particle, as it traverses the hot zone, is uniform. At any instant, while a particle
is subjected to radiative heat transfer, the energy rate-balance may be stated
as:
rate of heat supplied by = rate of accumulation of heat within the 
radiant heat transfer (uniform temperature) particle and the gas
to the particle volume associated with it.
in symbols, this equation becomes:
(4jcR2)Fea(Tf4-Tp(t)4) = d [(4/3)7iR 3ppCp(1 )+(1/N)pgCp(2)] Tp(t).
dt
where R = particle radius
F = view factor, which is set equal to 1 on the basis that all 
the radiation from the hot zone is intercepted by the 
particle
e = emissivity, assigned a value of 1, since an accurate 
value was not available 
a = Stephan-Boltzmann constant 
Tf ee temperature of the heat source 
Tp = time dependent temperature of the particle
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Pp = density of the particle 
pg 2 density of the gas 
C p ( i) = specific heat of the particle 
Cp(2) = specific heat of the gas 
N 2 aerosol number concentration; 
assigned a value of 108.
This equation can be rearranged and also recast as an integral equation, which 
gives the time for the particle to be heated from an initial temperature Tp0 to a 
selected temperature Tp, where Tp<Tf. The resulting equation is:
t =
Rp C ... p C ... Kp p (l)  t Kg p(2)






where x is a dummy variable. This integral can be transformed to a somewhat 




where f(Q- (Tf4-x4)-1 and x=(Tp-Tpo)4 +Tpo.
t =
R PpC p(D pgC P(2)   +   --
3a 47iR Na
The integral was solved numerically by the Trapezoidal rule. A
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Hewlett-Packard HP-41 C, equipped with a "math pac" containing the program 
"INTG," was used.
For a particle 1 pm in size, a particle number density of 10® and a furnace 
temperature of 900°C, 44 ms is required for the particle to achieve a 
temperature of 800°C.
3.5 Crystallite Development
(Amorphous to Crystalline Transformation)
C eram ic powders are, w ithout exception, ca lc ined prior to 
high-temperature sintering. The purpose of the calcining operation is to 
remove organics and water, and obtain the final crystalline structure. Literature 
on sintering of "amorphous" or partially crystalline ceramic powders have not 
been reported. An "amorphous" powder, in this context, is defined as a powder 
consisting of small crystallites that lack perfect periodicity [Klug and Alexander, 
1974], This section reviews some fundamental concepts of x-ray diffraction and 
provides some insight into the interpretation of x-ray patterns for amorphous, 
and crystalline structures.
3.5.1 X-rav Diffraction
Diffraction of x-rays by crystals results from a process whereby x-rays are 
scattered by the electrons of the atoms without a change in wavelength [Klug 
and Alexander, 1974]. The Bragg equation expresses the geometrical 
conditions that have to be satisfied for diffraction (strong scattering) to occur. 
The Bragg equation is:
n^=2dsin0
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where n = order of reflection
X = x-ray wavelength 
d = interplanar spacing 
0 = angle between the incident beam 
and lattice planes.
A crystalline structure is composed of a periodic array of atoms which act as 
scattering centers. Periodic path differences occur between adjacent atom 
planes which give rise to phase differences in the reflected waves. The 
condition for Bragg diffraction is that the phase difference be equal to an integer 
number of wavelengths which results in maximum possible constructive 
interference; the diffracted beam is composed of a large number of scattered 
rays which add and result in a net intensity.
The interplanar distance, d, for a cubic lattice is expressed as:
a
2 2 2 1/2 
(h+k+l )
where a = lattice parameter
h, k, I = Miller indices.
Each family of lattice planes (hkl) is associated with a point whose distance 
from a specified origin of the coordinate system equals 1/d; the resultant vector 
is normal to the diffracting planes (reciprocal lattice). Each reciprocal lattice 
point is associated with a diffracted beam whose intensity is related to the
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shape, volume, and perfection of the crystal.
3.5.2 Crystal Orientation
The recorded intensity, plotted as a function of the diffraction angle, 20, 
the angle between the incident primary beam and diffracted secondary beam, 
is dependent on the number of crystal orientations. Typically, for powder 
diffraction, random crystal orientations are ideal in order to achieve a large 
sampling of crystallites; in effect, the probability of satisfying the Bragg equation 
is higher. A random array of particles results in accurate relative intensities. 
Deviations in the relative intensities are a result of preferred grain orientation 
(texture), usually characteristic of noncubic materials.
3.5.3 Line Broadening
Amorphous solids typically produce a high-degree of scattering which is 
predominant at lower 20 angles (<20°). Low, broad maxima, characteristic of 
amorphous solids, denote frequent occurence of a particular interatomic 
distance in the predominantly disordered structure [Klug and Alexander, 1978]. 
Amorphous solids reveal short-range order; these are referred to as crystallites. 
The broadened diffraction peaks are blended into the amorphous matrix when 
the crystallites are very small (<20A) [Stern, 1985]. The transition from 
amorphous to crystalline is not clearly defined; typically, the region in between 
is referred to as "partially crystalline."
The evolution of the structure during crystallization may be followed via 
x-ray line broadening. Line broadening is due to small crystallite size,
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nonuniform strain, and stacking faults. Extensive x-ray profile analysis is 
required to discern the effects. Particles consist of smaller unit crystallites. As 
the crystallite size increases on the order of 0.1 pm in size, the diffraction peaks 
become sharp with minimum line broadening. The degree of crystallinity is 
referred to as the volume fraction of crystallites [Culiity, 1978].
Line broadening measurements are taken at the "half" width, or overall 
width of profile and half-maximum intensity, measured above the background. 
The extra breadth, (3, (20 units), as compared to a fully crystalline sample, is 
used in calculating the crystallite volume-averaged size, t. The crystallite size is 
determined from the Scherrer equation which is expressed as: t=X/(pcos0) 
[Culiity, 1974]. Line broadening is not a particularly tractable technique and 
within the scope of this project, was not utilized [Zhang, et al., 1988].
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CHAPTER 4 
DETAILS OF EQUIPMENT AND 
EXPERIMENTAL PROCEDURES
In this chapter, the two reactor systems which were designed, built, and 
tested are described in detail. The two systems have been designated as: 1) 
the aerosol-hydrolyzer (AH) reactor and 2) the aerosol-hydrolyzer-crystallizer 
(AHC) reactor. The AH reactor was used to conduct three functions: aerosol 
generation and simultaneous hydrolysis, and primary devolatilization. The 
AHC reactor, used in the second phase of the research was essentially 
identical to the AH reactor, except that a high temperature zone was 
incorporated downstream of the hydrolysis/devolatilization section.
The AH reactor was used to demonstrate the feasibility of producing 
hydrous magnesium aluminate powder by the controlled steam hydrolysis of a 
mixed double metal-alkoxide aerosol. Once this goal had been accomplished, 
the second phase AHC reactor was designed and built. In addition to the 
descriptions of these reactor systems, operating procedures for each system 
are included.
4.1 Equipment - AH Reactor
The AH reactor system consists of four primary components: an oil-less, 
desiccated-and-filtered compressed-air system, an aerosol generator, a 
hydrolysis reactor, a cyclone powder collector and a condensables recovery
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system. Primary devolatiiization is also achieved simultaneously in the 
hydrolysis reactor.
4.1.1 Compressed-Air System
The generation of "dry" compressed air is a major consideration in regard 
to the efficient operation of the aerosol generator, so as to avoid partial 
hydrolysis of the alkoxides in this system component. The primary objective in 
designing this system was to provide compressed air to the aerosol generator 
at quality equal to or better than that available from a local supplier of "medical" 
compressed air supplied in cylinders.
The oil-less compressor (Thomas Industries, Inc. 3/4 H.P. model 3Z888) 
which was available in the laboratory, was not of a sufficiently large capacity. 
Consequently, another identical unit was placed in parallel, so that the requisite 
flowrate at the specification pressure for the regenerative dryer could be 
maintained. Each includes a 4-1/2 gallon air tank and automatic pressure 
switch control. The pressure switch automatically turns the compressor on at 
95 psi and shuts it off at 125 psi.
The Dry-Pak "heatless" regenerative dryer (Wilkerson (#DEO-AC-00)) 
was fitted with miniature bowl filters on the inlet and outlet. The filter at the inlet 
also traps condensed water. The one at the outlet removes any attrited dust 
from the molecular sieve material used in the columns. The regenerative dryer 
consists of two symmetric desiccant columns, operated cyclically such that 
while one column is removing water from the air supplied to the inlet, the other 
column is being regenerated by a secondary flow of air which scavenges the
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water it had accumulated, during that part of the cycle when it was supplying air 
to the outlet. The secondary flow of air is supplied through an orifice from the 
outlet air supply, and is discharged to the ambient surroundings, after back 
flushing the column being regenerated. An electronic timer is used to operate a 
three-way solenoid valve which provides the cyclical sequence. The capacity 
of the dryer is 2.0 scfm at -100°F frost point (p(H2O)=.00124 mm). The 
maximum operating pressure at 70°F is 100 psig.
The frost point can be measured with a Panametrics hygrometer, model 
2100. The instrument utilizes a porous alumina psychrometric probe. The 
principle .of operation is based on adsorption of water onto the porous structure 
of the alumina, which alters the electrical conductivity of the probe. The change 
in electrical impedance is then correlated by an electronic microprocessor to 
the partial pressure of water, or corresponding "frost point." Figure 4-1 is a 
nomograph for determining moisture content as a function of total system 
pressure and frost or dew point.
The air produced by the regenerative dryer is piped to a 13-gallon air 
tank, which serves as a pressure-leveling device for the point of supply of air to 
the reactor system. The air from the air tank is filtered with a Pall Emflon II filter 
element (# MCY9106FREH), contained in a 316 stainless-steel filter housing 
(#MLL1106G04EH13). The absolute particulate removal rating is 0.01 pm. 
The filter consists of polyvinylidene fluoride (PVDF) membranes, pleated 
between two layers of polypropylene. The composite is configured into a 
cylinder and placed into a polypropylene cage with ends. The nominal flowrate 
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The aerosol generator was custom designed and consisted of a 
com m ercia lly availab le com pressed air nebulizer manufactured by 
P erk in-E lm er, as used on the ir model 306 A tom ic Absorption 
Spectrophotometer (part #303-0358). A Pyrex body, similar to the DeVilbiss 
model 40 nebulizer described in Chapter 3, completed the assembly. The 
flowrate of compressed air supplied to the nebulizer was controlled and 
monitored with a Dwyer (25 Ipm) Visi-Float acrylic flow-meter. A schematic and 
photograph of the aerosol generator are shown in Figures 4-2 and 4-3, 
respectively.
The aerosol generator also incorporates a flow spoiler, and an alkoxide 
reflux outlet. The flow spoiler acts as a turbulence generator, and provides for 
additional impaction surfaces, whereby large droplets coalesce and 
subsequently drain into the alkoxide reservoir, via the reflux outlet.
The alkoxide reservoir or holding vessel is made from Pyrex, and can 
accommodate 250 ml. of alkoxide. A Teflon flange, with a captured Viton
O-ring, is used to provide a hermetic seal. The Teflon cover has two fittings; 
one for a Teflon tube which supplies alkoxide to the nebulizer and one for the 
reflux alkoxide from the aerosol generator. All of the fittings and tubing in 
contact with the alkoxide are Teflon.
4.1.3 Hvdrolvzer
A schematic of the hydrolyzer is shown in Figure 4-4. Its primary function 
is to convert the liquid alkoxide droplets in the aerosol to a hydrous oxide
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1* 5/ 8 '
2- 13/ 16"
1/ 8 '
1- 3/ 4 *
1/ 2 *
Figure 4-2. Schematic of the Aerosol Generator.
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phase. This is accomplished by supplying water vapor and air at high 
temperature (>115°C), via tangential inlets, to this reactor-system component, 
where it contacts the alkoxide aerosol that is introduced simultaneously. The 
device consists of a flow straightener which redistributes the heated air and 
steam, so that the flow is axial. The hydrolyzer body is tapered in the flow 
direction, from a large diameter down to a smaller diameter, where it is 
connected to the collection cyclone. The aerosol inlet is located concentrically 
within the flow straightener fin-stack, and provides for entrainment by the 
heated air/stream mixture. Since the hydrolysis reaction is conducted at "high" 
temperature, devolatilization of alcohol and water is achieved simultaneously 
with condensation of the hydrous oxides. The hydrous oxide particles are then 
transported to the collection cyclone.
Steam generation is accomplished by pumping water at a controlled rate 
to a spray eductor, whereby it is atomized in an air stream, and subsequently 
vaporized as the two-phase mixture is transported through a heated 
Teflon-coated stainless steel tube (Technical Heaters, Inc. supplied with an 
Athena model 74-3-V temperature controller—a temperature range of 
100-600°F). Distilled water is conveyed by a Gilson minipuls 2 model HP4 
peristaltic pump with a 1.14 mm I.D. polyvinyl chloride tube, to a spray eductor 
(air flow is regulated with a Dwyer (25 Ipm) flow-meter). Flowrate is adjusted 
and maintained constant with an electronic speed control.
The heated air is produced with a Sylvania Series II flameless electric 
torch (rated at 1200 W). The torch is equipped with a 15-ohm (70°F) resistance, 
ferrous, serpentine coil which is mounted on a ceramic core and housed in a
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quartz tube. The serpentine coil provides for high heat-transfer characteristics 
with a 90% thermal efficiency. A continuous flow of air, monitored and adjusted 
by a Dwyer (200 scfh air) flow-meter, is supplied to the torch. The power 
supplied to the torch is controlled with a Variac "Powerstat" variable 
autotransformer (type 116B). The quartz housing of the torch is fitted to a 1/2" 
tee, and the heated air and steam are mixed in this fitting.
4.1.4 Powder Collection and Liquid Condensate Removal
The powder collector and refrigerated condenser system used by Graas 
(Ph.D. Dissertation; "Processing and Ultrastructural Characterization of 
Gel-Derived Optical Spinel Ceramic Precursor Powder") [1989] were utilized. 
Highlights of the components are presented. Additional details can be found in 
the dissertation cited above.
The powder collector is a Pyrex, custom-made, cyclone. The optimum 
operating performance conditions of the cyclone are achieved with a flow rate 
of approximately 2 scfm. Its collection efficiency for particles larger than 1.2 \im 
is 98%.
The cyclone overflow is connected to a refrigerated heat exchanger. The 
condenser temperature is maintained at a constant temperature by means of a 
thermostat which controls the refrigeration unit that supplies Freon-12 to the 
condenser. Droplets of condensate (primarily alcohols) are separated with a 
Weber cyclone. The air is exhausted outside the laboratory and the condensed 
liquid is collected in a sealed Pyrex vessel.
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4.2 Test Procedures - AH Reactor
A schematic and photograph of the prototype AH reactor system are 
presented as Figures 4-5 and 4-6, respectively. A slight modification was made 
to this system, in which the condensate and alkoxide vessels were incorporated 
as a single vessel; the vessel contains the source alkoxide solution and 
refluxed alkoxide. The primary reason for making this modification was to 
minimize excessive handling and consequently, exposure of the alkoxide to 
moisture in the atmosphere. An important consideration to be noted, is that the 
refluxed alkoxide would be expected to be sligh tly defic ient in 
solvent—1 -methoxy, 2-propanol. However, this does not necessarily alter 
significantly the amount (mass) of alkoxide supplied to the hydrolyzer, since the 
phenomenon is somewhat self-regulating.
The start-up procedure for the system was as follows:
1) The regulator supplying air into the Pall air filter was first adjusted to 40 
psig. The flowrate of air to the torch and steam generator (heated 
hose) was adjusted to 100 scfh. The flow to the steam generator, 
which was branched off of this flow, was typically 7.5 Ipm. The flowrate 
of air to the nebulizer was adjusted to a value of 3-4 Ipm. The 
thum b-screw  g land-nu t on the nebu lize r was ad justed 
so that there was a small back-flow of air in the alkoxide supply tube. 
The gland nut moves the eductor tube in the nebulizer relative to the 
flow of air in an annulus created by this tube and a sleeve through 
which the air flows towards the outlet shroud of the nebulizer assembly. 
Thus, the pressure difference across the small-bore Teflon tube, which
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Figure 4-6. Photograph of the AH Reactor System.
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supplies alkoxide to the eductor tube, could be varied by this 
adjustment.
2) The condenser refrigeration-system was activated. The thermostat was 
set to -25°F, so that the vaporized alcohols from the cyclone overflow 
would be condensed. Since the vapor pressures of both 1-methoxy, 
2-propanol and sec. butanol were estimated to be less than 1 mm of 
Hg at this temperature, alcohol removal of better than 99.5% was 
expected.
3) The switch on the steam generator was activated to supply power to 
the system. The set point was adjusted to 275°F (135°C). This 
temperature was selected on the basis of results of preliminary testing 
when it was found that for a flowrate of 1g/min complete vaporization 
of the water had taken place during the residence time of the water mist 
in the heated hose. The Variac was adjusted to a setting of 60; 
corresponding to a power input of approximately 246 W to the torch, 
and which resulted in an air/steam temperature in the reactor of 
approximately 130°C.
4) The peristaltic pump, which had been previously primed so that 
distilled water completely filled the supply line to the spray eductor of 
the steam generator, was switched on. The digital control thumb-wheel 
was set to a value of 385, which corresponded to a calibrated flowrate 
of 1 ml/min.
5) The gland nut on the nebulizer was now adjusted so that alkoxide was 
delivered to the eductor tube, where it was atomized by the air
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supplied. The throughput of aerosol in the generator was optimized 
based on visual observation of the light scattering produced by the 
aerosol flow-stream to the hydrolyzer.
The system was shut down by reversing the order of the preceding steps. 
In addition, the air flow through the torch and steam generator was not shut off 
until the temperature of the heated hose had decreased to below 100°F.
4.3 Equipment - AHC Reactor
The AHC reactor system is, in principle, identical to the AH reactor system 
except that instead of the mixed hydrous oxide product being collected by the 
cyclone, it was transported through a high temperature reaction zone so that 
crystallization of the powder could be effected. The powder was then collected 
by a water cooled stainless steel filter element.
4.3.1 Aerosol Generator
A new Pyrex aerosol generator was designed and fabricated. A 
schematic of the generator is shown as Figure 4-7. This generator was similar 
in design to the one incorporated in the AH reactor system, except that the 
nebulizer was positioned to deliver spray vertically downward.
The device was constructed using "Pyrex Conical Glass Pipe" and 
standard flanges, part of this glass pipe system components package, were 
utilized. The nebulizer was mounted onto a custom-made stainless steel 
flange. The vane-type flow spoiler was mounted in the system by means of a 
modified reducer compression-fitting which had a drain tube fitted to it. A
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Figure 4-7. Schematic of the Aerosol Generator of the AHC Reactor System.
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Conical Glass Pipe End was attached to the outlet of the generator, and steam 
and heated-air inlets were fabricated into it. In addition, flow straightener fins 
were attached to the inner pipe which conveyed the aerosol into the hydrolyzer, 
downstream.
4.3.2 Hvdrolvzer/Crvstallizer
This system component consisted of a mullite tube (the high temperature 
crystallizer section) which was fused to a length of Pyrex Conical Glass Pipe 
(the hydrolyzer). This tube assembly, Figure 4-8, was mounted so that the 
mullite tube was located in a vertical tube furnace with the Pyrex hydrolyzer 
section exposed to the surroundings above it. The Pyrex/mullite joint was 
located outside of the furnace so that the temperature of the joint could be 
maintained at a low enough value. The furnace was a Varian Model 1057 
(max. temp. 1200°C); temperature control was achieved with a Leeds and 
Northrup Electromax III. The length of the furnace is 24 inches with an effective 
hot zone of approximately twelve inches. The annulus between the tube, at 
each end, was packed with Fiberfrax wool. The filter element was placed in the 
bottom section of the tube, outside of the furnace. An O-ring gland was used for 
the end closure.
4.3.3 Powder Collector
The powder produced was collected by a custom-made cylindrical 
stainless steel filter element. One end of the element consists of a water-cooled 








Figure 4-8. Schematic of the Pyrex/Mullite Hydrolyzer/Crystallizer Tube.
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being collected on the porous surface. This filter was used by Cusick; Ph. D. 
D isserta tion  CSM [1989], "P lasm a-A rc Synthesis of U ltra -F ine 
Aluminum-Nitride Powder for Electronic Packaging Applications." Figure 4-9 is 
a schematic of the filter element, taken from the reference cited above.
4.4 Test Procedures - AHC Reactor
The start-up procedure for the AHC reactor system was as follows:
1) Operation of the aerosol-hydrolyzer-crystallizer was initiated by 
allowing the Varian tube furnace to reach the set-point temperature 
(900°C). Prior to this, the cooling water which is supplied to the 
stainless steel filter and assembly was turned on. A controlled 
ramp-up of approximately 200°/hr. was achieved by manually adjusting 
the set-point of the Leeds and Northrup temperature controller.
2) The regulator supplying air into the Pall air filter was first adjusted to 40 
psig, as before. The flowrate of air to the torch and steam generator 
(heated hose) was adjusted to 50 scfh. The flow to the steam 
generator, which was branched off of this flow, was typically 4 Ipm. 
These flowrates were maintained at half the value used in the AH 
reactor, to avoid excessive heating of the powder collection/exhaust air 
system components. The flowrate to the nebulizer was adjusted to 5 
Ipm. The thumb-screw gland-nut on the nebulizer was adjusted as 
explained in section 4.2 (1).
3) The steam generator and electric torch settings were the same, as 














































reached setpoint, water for steam generation was introduced into the 
system, by the peristaltic pump.
4) The gland nut on the nebulizer was now adjusted so that alkoxide was 
delivered to the eductor tube, where it was atomized by the air 
supplied.
5) The system was run for about half an hour, at which time about a 10% 
decrease in the observed heated-air flowrate was observed. This 
indicated that the powder cake on the stainless-steel filter element had 
started to produce a significant pressure drop in the system. The filter 
element was removed from the mullite tube after the water had been 
air-flushed out of the cooling lines. The powder was then brushed off 
the collection surfaces onto a clean piece of paper. The filter element 
was cleaned by back-flushing with compressed air.
6) The system was shut down by reversing the order of the preceding 





In this chapter, results of the tests conducted and powder analyses are 
discussed. Powder characterization is detailed since it is essential to 
correlation of the reactor performance. A summary of testing conducted with 
the AH reactor is contained in section 5.1. Following this, the powder 
characterization techniques and results obtained therefrom are presented. 
Finally, section 5.3 contains a discussion related to the results of 
experimentation conducted with the second phase AHC reactor.
5.1 AH Reactor: Summary of Experimentation
Preliminary testing was conducted to demonstrate the feasibility of 
concurrently producing a stable (binary) double metal-alkoxide aerosol and 
subsequently hydrolyzing it. Aerosol stability is addressed in section 5.1.1. In 
section 5.1.2, results of preliminary system operations are reviewed. The extent 
of hydrolysis of the double alkoxide aerosol, achieved with the reactor system, 
is also discussed. Finally, the optimization of system parameters is 
summarized in section 5.1.3.
5.1.1 Aerosol Stability
The rate of evaporation of liquid drops suspended in air is governed 
primarily by the physical properties of the liquid. In terms of particle surface
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T ' T [Hinds, 1982]
where Dv = diffusion coefficient of vapor in air
M = molecular weight of the liquid 
p = density of the liquid
Poo. Pd -  partial pressure of vapor at a "large" distance 
(10 drop diameters) 
from the drop, and at the drop 
surface, respectively 
Too. T^ = ambient temperature, and drop 
surface temperature, respectively 
R = gas constant.
The rate of evaporation can be seen to be proportional to DvMpcj/p, -physical 
properties of the liquid; where p^ is the saturation vapor pressure. For 
submicron drops, it should be recalled that the saturation vapor pressure is 
increased (relative to that for a plane interface), and evaporation is therefore 
enhanced. In addition to the Thompson (Kelvin) effect, there are two other 
factors that have to be considered for submicron drops at temperatures where 
the vapor pressure is "high" (psat>1mm Hg); the Fuchs effect (described below) 
and the depression of the drop temperature. Both effects will diminish the 
evaporation rate.
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The rate of evaporation is governed by the diffusion of vapor away from 
the droplet surface as well as heat transfer to the drop surface. For submicron 
droplets, Fuch [Hinds, 1982] described the diffusion rate of vapor on the basis 
of two sequential mechanisms. Within a spherical volume surrounding the 
drop, of diameter dp (drop diameter) + (4/3)X (X=mean free path) the diffusion 
rate is described by the kinetic theory of gases. Outside of this region, it is 
controlled by ordinary diffusion. For large drop diameters (dp>1 pm) the rate is 
controlled only by ordinary diffusion; since dp»>..
The other phenomenon is related to the decrease in temperature of the 
drop due to latent heat requirement for evaporation. A temperature depression 
results as a quasi-steady state drop temperature is achieved (heat gained by 
conduction from the surrounding air vs. heat required for evaporation). The net 
effect is that the temperature depression reduces the partial pressure of vapor 
at the drop surface, and evaporation is diminished according to the Thompson 
equation in section 3.2.
Aerosol stability studies were conducted with three liquids: water;
1-methoxy, 2-propanol; and the double alkoxide, diluted with 50 vol. % 
1-methoxy, 2-propanol. The stability of the aerosols generated with these 
liquids was ascertained by visual inspection. Both water and the double 
alkoxide precursor produced a visible aerosol. The 1-methoxy, 2-propanol, 
however, evaporated upon exiting the nebulizer.
A quantitative comparison between the outcomes of this study is not 
possible due to lack of data (specifically the physical properties of the double
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alkoxide precursor), as well as not being able to determine the relative particle 
size distribution. The particle size distribution of the drops is also dependent on 
the physical properties of the liquid. These properties include vapor pressure, 
kinematic viscosity (p/p), and surface tension. Livingston [1988] reports on the 
effects of these properties. A decrease in the vapor pressure will shift the size 
distribution toward larger drops; whereas a decrease in the kinematic viscosity 
or surface tension shifts the distribution toward smaller drops.
To approximate the rate of evaporation, the diffusion coefficient of the 
respective vapor in air, molecular weight, vapor pressure and density of the 
liquid are required. Table 5-1 tabulates some physical properties of water;
1-methoxy, 2-propanol (1M2P); the double alkoxide (DA); and the double 
alkoxide precursor.








h 2o 18 17.5 1 CRC
1M2P 90.12 10.9 .922 Aldrich MSDS
DA 694 .988 Akzo MSDS
DA precursor 402.52 .955 averaged
The diffusion coefficients of alcohol vapor (40°C) in air (-0.14 cm2/s) and 
water vapor (8°C) in air (-0.24 cm2/s) were taken from the C.R.C. Handbook 
and used in approximating the relative evaporation rates (DvMp/p) of water and
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1M2P. The calculations indicate that 1M2P evaporates approximately twice the 
rate as that of water.
An evaporation rate of the double alkoxide was not calculated due to lack 
of a vapor pressure value. However, upon inspection of the parameters used in 
determining the rate, one would expect the evaporation rate of the double 
alkoxide precursor to be much higher than the counterparts, based on the 
molecular weight value. This, however, was not the case. It is postulated that 
the free 1M2P in the double alkoxide precursor is rapidly evaporated, and thus 
creates a supersaturated state in the aerosol. By maintaining supersaturation, 
a high saturation ratio, evaporation of the double alkoxide droplets is 
prevented.
5.1.2 Preliminary Testing
In order to determine that the residence time in the AH reactor was 
adequate, the system was first operated with cylinder air (moisture content 
specified to be ~1 ppm.).
The powder produced from this trial run was batch-calcined, in an 
alumina boat, at 900°C for four hours to ensure crystallization. The weights 
before and after calcination were recorded in order to determine the extent of 
devolatilization. This treatment time was found to be sufficient for asymptotic 
weight change behavior by Graas [1989].
An electric tube furnace containing a quartz tube and equipped with an 
Athena Controls temperature controller (model #6400), was used for 
calcination. A flow of oxygen through the quartz tube ensured combustion of
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adsorbed organics and unreacted (unhydrolyzed) alkoxide.
Details of the powder characterization are given in section 5.2. It was 
found that, upon calcination, single-phase magnesium aluminate spinel was 
obtained. The weight loss observed was approximately 46%.
The controlled steam hydrolysis of the double metal alkoxide results in the 
formation of a hydrous double metal oxide. The overall hydrolysis reaction, 
may be written as:
M g (0 -C 4 H90 ) 2 -2A I(0 -C 4 Hg)3 + 8H20  = M g(O H)2-2AI(O H )3 + 
2 (0 H -C 4H90 )  + 6 (OH-C4 H9 ).
The weight loss during conversion of the hydrous double oxide to magnesium 
aluminate can be used to determine the extent of hydrolysis. The reaction 
during calcination may be written as:
M g(O H )2-2AI(OH)3 = MgAI20 4 + 4H 20 .
For 100% conversion of double alkoxide to hydrous oxide, this reaction 
indicates that only structurally bound water should be lost during subsequent 
calcination (-34 wt. %).
The 46% weight loss obtained indicates that in addition to structurally 
bound water, organics and/or additional water are present in the powder. 
Since -17  times the stoichiometric requirement of water was supplied to the 
double alkoxide aerosol, it had been assumed that the double alkoxide aerosol 
would be completely converted 100% to the mixed hydrous oxides. However, 
the additional weight loss may be due to partially hydrolyzed alkoxide in the 
powder and/or alcohol (1M2P and 2-B) adsorbed. It was apparent that a 
knowledge of the steam/air temperature within the reactor would be required to
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elucidate this behavior. The temperature of the air close to the hydrolyzer exit, 
was measured as a function of Variac setting and corresponding power input.
5.1.3 Optimization of the System
Subsequent to installing the compressed air system, the frost point of the 
nebulizer compressed-air line was measured with the Panametrics hygrometer. 
The frost point measured was found to be essentially the same as that obtained 
from the cylinder air.
In order to minimize adsorption of organic and water vapor species on the 
devolatilized powder, the hydrolysis chamber exit temperature was maintained 
at the same level as the temperature of the steam supplied by the heated hose, 
~135°C. The temperature of the gas close to the hydrolysis reactor exit was 
monitored as a function of the Variac setting, which determines the voltage and 
hence the power supplied to the torch which heats the air admitted to the 
hydrolysis reactor. A voltmeter and ammeter were installed to monitor the 
power input to the electric torch. A type-K thermocouple was inserted through 
the underflow in the powder cyclone into the hydrolysis chamber close to where 
the gas exited into the cyclone. The underflow was then sealed to prevent 
leakage. Figure 5-1 is a plot of exit air temperature as a function of power input, 
determined from these tests. A temperature of 135°C could therefore be 
maintained for a power input of 186 W. This corresponds to a Variac setting 
slightly higher than 50.
Two tests were then conducted at Variac settings of 50 and 60. The 
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Figure 5-1. Hydrolyzer Exit-Air Temperature as a Function of Power Input.
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40.6%; and at 50, it was 44.4%. From this weight loss data it was concluded 
that a voltage setting of 60 would be used, since a high setting might have 
caused the "flameless" heat torch to be damaged. For reference, a D.T.A. 
analysis of this powder is provided in Appendix A.2.
Further optimization of the system included increasing the amount of 
powder produced without increasing the air flowrates. This was achieved by a 
modification to the nebulizer unit. Thus, an increase in flowrate of the double 
alkoxide precursor, and consequently, an increase in the aerosol density was 
achieved. The production rate of powder was increased from -0.5 g/hr to 2g/hr. 
The ramification of increasing the aerosol drop number-density has already 
been noted, viz: a shift in the particle-size distribution to larger drop sizes.
5.2 Powder Characterization
With the optimization of AH reactor system parameters completed, the 
final task was to elucidate the ideal physicochemical characteristics of the 
aerosol-dried powder. This section describes the analysis methodology used 
in the characterization of the powders and the results obtained therefrom.
The powder characteristics that were analyzed included the following 
physical characteristics: particle size, particle size distribution, particle shape, 
powder density, surface area and extent of agglomeration. The chemical purity 
and crystalline structure were also assessed, and are reported. Finally, results 
of thermal analysis and the sinterability of the powders are discussed.
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5.2.1 Particle Geometry and Extent of Agglomeration
As described in section 2.3, a powder which is optimally sinterable is 
generally one that possesses a high surface reactivity. High surface reactivity 
is a consequence of low density and high surface area, characteristic of 
ultrafine (0.1-1 pm) particles. In regard to the packing of these particles, a 
narrow particle-size distribution and a shape which is spheroidal, provide for 
optimal compaction. Furthermore, a nonagglomerated powder is desirable, 
since this enhances sintering kinetics.
The particle geometry (shape, size, and size distribution) and extent of 
agglomeration were assessed by scanning electron microscopy (S.E.M.) and 
transmission electron microscopy (T.E.M.). The Jeol 840 Microanalyzer 
scanning electron microscope (located in the Metallurgy and Materials 
Engineering Department at the Colorado School of Mines) was used to gain 
insight into the bulk characteristics of the powder morphology. Better resolution 
of the very small particles (< 0.1 pm) was obtained with the T.E.M.. The sample 
preparation technique used for T.E.M. powder analysis is given in Appendix
A.1.1.
The S.E.M. and T.E.M. were collectively used to ascertain the size and 
size distribution of the powder produced by the aerosol-dryer. The S.E.M. is 
effective in observing sizes greater than 0.1 pm, while the T.E.M. provides size 
information on particles less than 0.1 pm.
S.E.M. photomicrographs of the as-hydrolyzed powder produced from the 
AH reactor are presented as Figure 5-2; (a) 9000x, (b) 6000x. The particles are 
nearly perfect spheres, and exhibit no pore structure (non-fractal structure).
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Figure 5-2. S.E.M. Photomicrographs of As-Hydrolyzed Powders: 
-(a) 9000x, -(b) 6000x.
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Particle sizes, as resolved by the S.E.M. range from 0.1 pm to 3 pm. 
Furthermore, the particles exhibit only minor agglomeration (due to surface 
charging), as seen by the high surface exposure of individual particles.
S.E.M. photomicrographs of the calcined powder are presented as Figure 
5-3; (a) 8000x, (b) 6000x. There appears to be no discernable difference 
between the particle sizes of the amorphous and calcined powders.
The T.E.M . was em ployed to assess in te rpartic le  behavior 
(agglomeration) as well as particle size information. The photomicrographs 
obtained were used to analyze approximately 140 particles. The sizes ranged 
from 0.05 to .95 pm, with 90% of the particles less than 0.8 pm and 50% of the 
particles less than 0.4 pm. T.E.M. photomicrographs (enlarged 1.65 times) of 
three different powder lots are shown, -F igure 5-4; (a) 19500x, (b) 25000x, and 
(c) 70000x.
Although not evident from all of the photomicrographs, agglomeration had 
nevertheless occured in the batch-calcined powder. Indeed in the 
photomicrograph of Figure 5-5 (a), for powder calcined at 900°C, necking 
between particles can be observed.
Testing was coincidentally conducted on the effect of aerosol density on 
particle shape. The relative aerosol density utilized in producing three lots of 
powders was indirectly assessed by monitoring the amount of powder 
produced per hour; 0.13 g/hr. (low density), 0.49 g/hr. (medium density) and 
1.72 g/hr. (high density). It should be noted that the air flowrates to the 
nebulizer and the hydrolyzer were identical for the three cases. The change in 
aerosol densities was achieved by adjustment of the gland-nut, whereby the
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Figure 5-3. S.E.M. Photomicrographs of As-Hydrolyzed, Batch-Calcined 
(900°C) Powders: -(a) 8000x, -(b) 6000x.
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Figure 5-5. T.E.M. Photomicrographs of Examples of: -(a) Necking in
Batch-Calcined Powder, -(b) Hollow Spheres in As-Hydrolyzed 
Powder.
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aspiration rate of alkoxide could be varied. Independent of the rate of 
production of powder, the aerosol density could also be assessed from visual 
observation of the aerosol cloud in the generator.
Figure 5-5 (b) shows particles obtained with a "low"-concentrated aerosol. 
The hollow sphere phenomenon appears to be characteristic of the "larger" 
(0.5pm) particles; however, the critical size could not be determined on an 
apriori basis. Hollow spheres typically result when the evaporation rate of the 
reactant aerosol drop exceeds the hydrolysis rate. It is likely that lower density 
aerosols are likely to experience higher evaporation rates because of the 
intrinsically higher heat transfer associated with the system. A probable 
mechanism for hollow sphere formation in a hydrolysis reaction system, where 
simultaneous evaporation of the liquid being hydrolyzed can occur, is 
discussed by Sproson and Messing [1987]. In regard to the hydrolysis of a 
TiCl4 aerosol, it was indicated that hollow spheres form as a result of hydrolysis 
being confined to the outer regions of the aerosol drops in conjunction with 
evaporation of the liquid (vapor formation) within the inner portion of the drop.
Figures 5-6 (a) and (b) are photomicrographs of powders obtained from 
high- and medium-density aerosols, respectively. S.E.M. analysis of these 
powders-confirmed by T.E.M. bright field analysis-indicated that the particles 
are solid spheres below a critical diameter, ~2 pm. However, above the critical 
diameter, oblate, hollow spheres are formed. Above a critical drop diameter, 
the inner core attains a temperature such that a significant pressure is 
developed internally, prior to the whole drop being hydrolyzed to the mixed 
oxide product. Various particulate morphologies resulting from incomplete
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Figure 5-6. S.E.M. Photomicrographs of Anomalous Morphologies Observed 
for As-Hydrolyzed Powders: -(a) "High"-Density-Aerosol Powder, 
-(b) "Mediurrf-Density-Aerosol Powder.
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hydrolysis are described in the Spray-Drying Handbook [Masters, 1979].
5.2.2 Specific-Surface Area
Specific-surface area measurements were performed by Coors Analytical. 
The measurement is based on the single-point B.E.T. method. Details of this 
method are contained in Appendix A .1.2.
Three lots of powder were submitted for specific-surface area 
measurements; an as-hydrolyzed powder produced from a medium-density 
(MD) aerosol (0.48 g/hr.); an as-hydrolyzed one from a high-density (HD) 
aerosol (2.4 g/hr.), as well as a batch-calcined portion (HD-C) of this 
as-hydrolyzed powder.
The results are tabulated in Table 5-2, along with the corresponding 
average particle diameters. A density of 2.4 g/cc was used in calculating the
B.E.T. diameters of as-hydrolyzed powder (the weighted densities of Mg(OH)2 
and AI(OH)3 were used for this estimate) and, a value of 3.6 g/cc (theoretical 
density of M gA^C^) for the calcined powders.
Table 5-2. Specific-Surface Areas






The lower specific-surface area of the batch-calcined powder is to be 
expected, due to surface smoothing, necking, and bulk volume reduction, as 
observed after calcining. The results between powder obtained from the 
medium-density-aerosol and that obtained from the high-density-aerosol 
powders are not significantly different. However, the "MD" powder would be 
expected to consist of smaller particles than the "HD" powders, since the 
probability for coagulation is higher for the high-density aerosol system. Those 
diameters calculated from specific-surface area values are significantly smaller 
than those observed from S.E.M. and T.E.M. images. Based on S.E.M. 
photomicrographs, the particle size would be expected to be biased toward 
larger sizes. However, in regard to the T.E.M. sample preparation, it is not clear 
what bias might be imposed.
5.2.3 Powder Density
Powder densities were determined by helium pycnometry, and mercury 
porosimetry. "Theoretical" densities which were calculated using the lattice 
parameter value obtained by x-ray diffraction characterization are reported in 
section 5.2.5. Salient features relating to mercury porosimetry are given in 
Appendix A .1.3.
The pycnometry, and mercury porosimetry analyses were performed at 
Coors Analytical. An as-hydroyzed powder, and a batch-calcined portion of this 
powder were analyzed to gain insight into the relative density changes that 
occur during calcination.
Preliminary pycnometry was performed on the as-hydrolyzed powder.
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However, the amount of powder submitted (-1/2 gram) was smaller than the 
amount specified for the pycnometer, and the densities obtained ranged 
between a low of 2.5 and a high of 2.8 g/cc. Mercury porosimetry was then 
used in an effort to obtain reproducible results with the small mass of sample 
submitted.
The density results, as determined by mercury porosimetry are presented 
in Table 5-3, and compared with the expected values.
Table 5-3. Void-Free Powder Densities
Powder Powder Density (g/cc)
Mercury Porosimetry C.R.C. value
As-hydrolyzed
(Mg(OH)2-2AI(OH)3) 1.58 2.4 (averaged)
Batch-calcined
(MgAI20 4) 2.44 3.6
The results of mercury porosimetry, in particular the large deviation for the 
batch-calcined material, indicated that the technique was not viable for 
submicron powders. The requisite sensitivity cannot be achieved because the 
pressures utilized cannot penetrate pores smaller than one micrometer.
Finally, a sintered (1450°C, 5-hr. soak) powder (batch-calcined) pellet 
yielded a density approximately 83% theoretical.
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5.2.4 Chemical Homogeneity and Stoichiometry
Most of the powders that were produced by the AH reactor were analyzed 
by E.D.S.. Salient features relating to this technique are given in Appendix 
A.1.4. The weight percents could be obtained with a precision of +/- 0.1 wt. %; 
the reproducibility between several regions of a sample and between powder 
lots was found to be satisfactory. The powders which were batch-calcined, 
were also analyzed to determine if the cation ratio had been altered during 
calcination. No significant heterogeneities of the powders could be detected by 
E.D.S.. The results of two representative powders are listed in Table 5-4. The 
weight percents of the respective oxide components, MgO and AI2O3 , are also 
presented, as well as the stoichiometric parameter, x; associated with 
M gO-xA^Og. For comparison, expected values for stoichiometric M gA^C ^, 
are included in the table.
Table 5-4. E.D.S. Results of As-Hydrolyzed and Batch-Calcined Powders.
Weight % Expected As-Hydrolyzed Batch-Calcined
Mg 17.1 14.5 15.5
Al 37.9 40.2 39.4
★
0 45.0 45.2 45.1
MgO 28.3 24.1 25.6
a i2o 3 71.7 76.0 74.5
X 1 1.24 1.15
*by difference
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The MgO-A^Og phase diagram has been included here (Figure 5-7), for 
reference. The phase diagram is a composite of the M gO -M gA^C ^ and 
MgAl2 0 4 -Al20 3  phase diagrams available in Phase Diagrams for Ceramists 
[Reser, 1964].
The E.D.S. analyses indicated that the powders are somewhat 
alumina-rich. However, the chemical compositions of the as-hydrolyzed and 
batch-calcined powders are anomalous. It is seen that as-hydrolyzed powder 
appears to be more magnesium deficient than the batch-calcined powder. It 
should be recalled that E.D.S. does not yield absolute weight percents but 
rather relative weight percents, as described in Appendix A.1.4. Consequently, 
the structures associated with the as-hydrolyzed, Mg(OH)2*2AI(OH)3 and the 
calcined M gA ^C ^ may be responsible for this finding.
The hypothesis that the anomalous chemical compositions of the two 
powders was a characteristic of the E.D.S. methodology was examined further. 
Samples were submitted to Coors Analytical for x-ray fluorescence (X.R.F.) 
analysis. X-ray fluorescence can be employed for quantitative determination of 
elements with atomic numbers greater than 8. The results of the analyses are 
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Figure 5-7. The MgO-A^Og Phase Diagram [Levin, et al., 1964].
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Table 5-5 X.R.F. Results of As-Hydrolyzed and Batch-Calcined Powders






a ,2 °3 71.2 71.7
X 0.98 0.96
by difference
Although the batch-calcined powder is 0.5% higher in magnesium, the 
values are both close to the expected magnesium content of M gA^C^. On the 
basis of the E.D.S. and X.R.F. characterization, it can be concluded that the 
resultant powders are chemically homogeneous and stoichiometric.
5.2.5 Crystal Structure
A Rigaku x-ray diffractometer (Physics Department, Colorado School of 
Mines), equipped with a Cu-Ka x-ray source was used to obtain diffraction 
patterns for the as-hydrolyzed and batch-calcined powders. The 
"loose-powder" method was employed, where a small quantity of powder is 
sprinkled onto a glass slide mounted with double-stick tape.
The evolution of the crystal structure as a function of fixed time (2 hours) 
heat-treatment temperature is presented in Figures 5-8 and 5-9. The 
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Figure 5-8. X -ray Powder D iffraction Patterns of A s-H ydro lyzed , 
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Figure 5-9. X-ray Powder Diffraction Pattern of Batch-Calcined (900°C) 
As-Hydrolyzed Powder.
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behavior, relative to the background, displayed at low diffraction angles. 
Incipient crystallization is detected as low as 300°C as evident by the 
development of the (311) peak. The diffraction peaks for the 900°C calcination 
have been superimposed for comparison. At 900°C (Figure 5-9) the powder is 
fully crystallized, as evident from the sharp diffraction peaks. The d-spacings, 
and relative intensities, as obtained from the software "Micro-Peak," also 
available in CSM's Physics Dept., are provided in Table 5-6. The reference 
d-spacings and relative intensities (JCPDS card #21-1152: synthetic M gA^C^ 
spinel) are also provided. There is good agreement between the reference 
d-spacings and those measured for the calcined powder.
Table 5-6. X.R.D. D-Spacings and Relative Intensities of the Batch-Calcined
Powder (900°C)
(hkl) ^ref.’^ iHt-ref. d, A Int.
111 4.66 35 4.6914 50
220 2.858 40 2.8646 41
311 2.437 100 2.4457 100
400 2.020 65 2.0218 82
422 1.650 10 1.6502 18
511 1.5554 45 1.5571 39
440 1.4289 55 1.4288 91
Selected-area electron diffraction (S.A.D.), an analytical capability 
available on the T.E.M. was performed to corroborate the X.R.D. d-spacings. 
The ring pattern, shown in Figure 5-10, consists of individual spots which
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Figure 5-10. E lectron D iffraction Pattern of Batch-Calcined (900°C) 
Powder (same powder as analyzed for Figure 5-9).
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indicates that the number of orientations of crystals irradiated was too small 
[Von Heimendahl, 1980]. From the pattern, the radii of four rings were 
measured and the respective d-spacings calculated using a slight modification 
of Braggs law; d=M /r. The effective camera length, L, is 940 mm. The 
relativistic wavelength of electrons, X, which is dependent on accelerating 
voltage (E) was calculated using the modified DeBrogiie wavelength [Thomas, 
G. and Goringe, M. J., 1979]:
X=12.26/[E1/2(1+0.9788-10 '6E)1/2] (A)
The camera constant, ^.L, for an accelerating voltage, E, of 120 kV, is 31.49 
A-mm. The resultant d-spacings are tabulated in Table 5-7. Once again, good 
agreement with the reference values is noted.
Table 5-7. S.A.D. D-Spacings of the Batch-Calcined Powder (900°C)





Finally, the lattice parameter, and corresponding density were calculated 
and compared to reference values and those obtained also from the X.R.D. 
data. These results are tabulated in Table 5-8, and show good agreement 
between the values.
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* JCPDS card #21-1152
** C.R.C. Handbook
5.3 AHC Reactor: Experimentation and Powder Characterization
Radiative heat transfer calculations (section 3.4), indicated that a 
residence time of 44 ms is required for a 1 pm particle at 135°C to reach a 
temperature of 800°C, when exposed to a radiant heat source of 900°C. It was 
concluded that this residence time could be achieved in a -1 .5  cm. length 
radiant zone.
Two tests of the AHC reactor were conducted at a furnace temperature of 
900°C. The collected powders were tan in color. When compared with 
as-hydrolyzed powders which had been batch-calcined at 300°, 500°, 700°, 
and 900°C, it appeared that an effective calcination temperature between 500° 
and 700°C was achieved. However, subsequent X.R.D. analysis indicated that 
the powder is amorphous. It is interesting to note that the small quantity of 
powder collected on the water-cooled impingement plate of the porous filter 
was white in color (characteristic of a 900°C batch-calcined powder), indicating 
that the powder was either unaffected by the passage through the hot zone or 
that it was completely crystallized. A larger quantity would have to be collected 
and analyzed by X.R.D. to determine the structure.
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The powder from the first test produced was subsequently batch-calcined 
and submitted to Coors Analytical for x-ray fluorescence analysis. Half of the 
powder of the second test (900°C) was batch-calcined and analyzed by x-ray 
diffraction. It was found, as expected, that batch-calcining of these powders 
resulted in a weight loss significantly lower than that of the as-hydrolyzed 
powders. The weight losses during batch-calcining were 20% (effective 
flowrate of -80 scfh) and 14% (effective flowrate of -65 scfh); vs. 40 wt.% for the 
as-hydrolyzed powders. The results of X.R.F. and E.D.S. are given in Table 
5-9.
Table 5-9. X.R.F. and E.D.S. of Batch-Calcined AHC Reactor Powder-Product.
Weight % Theoretical X.R.F E.D.S
Mg 17.1 17.2 15.7
Al 37.9 36.8 39.2
★
O 45.0 46.0 45.1
MgO 28.3 28.5 26.1
a i2o 3 71.7 69.6 74.0
X 1 0.96 1.12
* by difference
Particle-size and shape of the of the AHC reactor powder prior to and after 
batch-calcination were analyzed by S.E.M.. Their morphologies are shown in 
photomicrographs of Figure 5-11 (a) and Figure 5-11 (b), respectively. The 
particles are spherical, with sizes ranging from 0.1 pm to 4 pm. A large fraction
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Figure 5-11. S.E.M. Photomicrographs of : -(a) AHC Reactor Powder-Product 
and -(b) After Batch-Calcination.
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of the particles appear to be smaller than 1 jim.
The x-ray diffraction patterns associated with these powders are shown in 
Figure 5-12. It is apparent that the AHC reactor product, as collected, is 
amorphous to x-rays.
It is conceivable that the amorphousness associated with these powders 
is due to rapid quenching produced by the metal (stainless steel) filter element 
used to collect the powder. Schwartz [1987] has described this phenomenon, 
where rapid quenching of normally crystalline solid materials often exhibit 
X.R.D. patterns similar to those for amorphous materials-"due to a very small 
mosaic size and large distortions-but sometimes also due to a quite different 
aperiodic network." This suggests that the material may actually be crystalline, 
but only a few unit cells in grain size. Nevertheless, the powder produced by 
the AHC reactor is amorphous to x-rays, suggesting the powder may have 
experienced two transformations; amorphous-crystalline-amorphous.
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(a) AHC Reactor powder product
(b) Batch-calcined
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Figure 5-12. X-ray Powder Diffraction Patterns of: -(a) AHC Reactor




The objective of this research project was to produce an optimum 
magnesium aluminate precursor powder for sintering. The characteristics of an 
optimum powder for sintering are summarized, thus:
* high chem ical purity—which is essentia l for controlled 
crystal linity
* small particle size-which enhances sintering kinetics
* narrow  size d is tr ib u tio n  and sphero ida l s h a p e - fo r  
enhanced packing and control of exaggerated grain 
growth (i.e. controlled densification)
* un-agglomerated pow ders-w hich would otherwise place a 
constraint on green density and thereby also inhibit sintering.
In designing a processing scheme for producing magnesium aluminate 
powder, all four of these optimum characteristics were targeted. The synthesis 
of magnesium aluminate precursor powders was then investigated with two 
sys te m s : an a e ro s o l-h y d ro ly z e r (AH re a c to r) and an
aerosol-hydrolyzer-crystallizer (AHC reactor).
Aerosol technology and rapid kinetics associated with gas phase 
reactions were exploited in designing the AH reactor. It was anticipated that 
hydrolysis and subsequent devolatilization of a mixed double alkoxide aerosol 
would result in a hydrous double metal oxide powder with optimum physical
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(spherical, ultrafine (0 .1-1.0 pm) particles with a narrow size distribution) and 
chemical (high purity) characteristics.
The AHC reactor was designed and built as a "natural" extension to the 
AH reactor so as to effect crystallization of the mixed hydrous oxide, while 
maintaining it dispersed so that agglomeration is obviated.
Finally, in order to correlate the performance of the respective systems, 
extensive powder characterizations were performed.
The investigation has clearly demonstrated that a stable, double metal 
alkoxide aerosol could be produced in the aerosol generator which was 
designed. This reactor component, in effect, allows for the control of the size 
and shape (spherical) of the mixed hydrous oxide produced subsequently. In 
addition, the steam hydrolysis of the alkoxide appeared to be accomplished in 
the hydrolysis reactor. The resulting "as-hydrolyzed" powders were 
characterized extensively in regard to shape, particle size and size distribution, 
and chemical composition. In addition to this, samples of these powders were 
batch-calcined and subsequently characterized, including x-ray diffraction, to 
provide a baseline for subsequent AHC-reactor powder characterizations. The 
powders produced from the AH reactor were spherical in shape, ultra-fine 
(-0.05-3.0 pm), and un-agglomerated. The particle-size distribution of the 
powder was correctable to the alkoxide drop density in the aerosol. The 
as-hydrolyzed powders were found to be chemically homogeneous, and 
essentially stoichiometric (Mg/AI atomic ratio=1/2). When the powder was 
batch-calcined, monophasic magnesium aluminate spinel was obtained.
The powder produced from the AHC reactor possessed many of the same
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characteristics as the powder produced from the AH reactor. However, the 
AHC reactor did not produce a crystalline powder. This is most likely due to 
inadequate residence time and/or low radiative heat-transfer rate to the 
particles from the walls of the high temperature zone. Another, but perhaps not 
very probable, reason is that rapid quenching of the particles, induced by the 
collection filter, may be responsible for the x-ray diffraction behavior exhibited.
The enumerated conclusions drawn from this research are presented in 
section 6.1. Recommendations for further study complete this chapter.
6.1 Enumerated Conclusions
The major conclusions regarding the research conducted are:
a. The aerosol generator developed in this research was successfully 
utilized to produce a stable, mixed double metal alkoxide ( Mg-1, methoxy-2, 
propoxide + Al-sec. butoxide diluted with 1, methoxy-2, propanol) aerosol. 
However, the drop-size distribution produced by the device was not tested and 
quantified independently, since the necessary light scattering cell was not 
available. Throughputs achieved were approximately 1.5 grams alkoxide 
mixture per minute with dry-air flowrate of 4 Ipm.
b. The high purity of the mixed alkoxide supplied by Akzo Chemical Inc. 
was found to be maintained in the as-hydrolyzed powders.
c. The alkoxide aerosol can be converted to a mixed hydrous oxide by
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gas phase hydrolysis in a steam/air mixture at approximately 130°C. It is not 
clear if the alkoxide conversion is complete, and T.G.A. analysis will be 
required to resolve this issue.
d. The as-hydrolyzed powder was spherical in shape, ultra-fine 
(-0.05-3.0 pm), with agglomeration due to surface charging.
e. The as-hydrolyzed powder when batch-calcined at 900°C for two 
hours was converted to crystalline monophasic magnesium aluminate spinel 
with an Al/Mg ratio of approximately two. This ratio appeared to be unaffected 
by the calcining step when compared to the as-hydrolyzed powder. 
Furthermore, batch-calcining resulted in agglomeration, as evident by neck 
formation between particles.
f. Although the AHC reactor principle is attractive, there are several 
unresolved issues regarding its viability. These include: the radiative heat 
transfer rates to the particles from the walls of the high temperature zone; the 
kinetics of the amorphous to crystalline transformation; and the effect of rapid 
quenching of the powder on the stainless steel filter element used to collect the 
powder.
6.2 Recommendations for Further Study
In view of the results obtained from this research, several areas within the 
scope of the problem could be investigated further:
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a. An extensive data base on the kinetics of calcination is required before 
"in-line" calcining can be made a viable technique. Coupled with this, a 
systematic study could be conducted to investigate the ramifications of sintering 
"amorphous" or partially crystalline materials. X-ray line broadening offers a 
method for determining the degree of crystallinity.
b. In order to be able to control a size distribution of a powder produced 
via aerosol techniques, the aerosol produced by the custom-made generator, 
should be properly characterized using light-scattering techniques, for 
example. Furthermore, the properties of the liquid constituting the aerosol 
should be systematically studied to determine the effects of dilution, for 
example, on its drop size and drop-size distribution.
c. Simultaneous mass- and heat-transfer modeling could provide an 
important contribution to understanding the calcination behavior of the hydrous 
metal oxide aerosol, produced subsequent to passing through the high 
temperature zone.
d. Finally, the effect of quench rate on the structure of ceramic precursor 
powders, appears to be a significant area worthy of research.
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APPENDIX A.1 
ANALYTICAL TECHNIQUES AND PRINCIPLES
A. 1.1 Sample Preparation: T.E.M analysis
The sample preparation technique prescribed by Von Heimdahl [1980] for 
powder T.E.M. analysis was employed. The procedure for making the carbon 
support films, however, deviated from the method described. These support 
films were made by evaporating carbon onto a clean glass slide. A standard 
200-mesh copper grid sample-holder was used to support the carbon film.
A suspension of powder in ethanol (n-pentane used for amorphous 
powders) was prepared through ultrasonic dispersion. A micropipette was then 
used to deposit a controlled amount of the suspension onto the sample holder. 
Pentane was used as a dispersing medium for the amorphous powders so as 
to avoid alcoholysis of the powders.
A. 1.2 Specific-Surface Area: B.E.T. Method
This method, developed by Brunaer, Emmett, and Teller [Lowell, 1979] is 
fundamentally described by kinetic-isotherm theory. The method determines 
the number of molecules of adsorbing gas, nitrogen in this case, required to 
form a monolayer on the sample. A sample of known weight is first heated and 
subjected to vacuum, to remove adsorbed atmospheric gases. The adsorbate 
is then admitted and the volume of gas adsorbed per unit sample weight is 
plotted as a function of relative pressure at constant temperature (isotherm).
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The isotherm is used to identify an asymptotic point in the curve delineating the 
volume at which the monolayer is formed. Each nitrogen gas molecule 
occupies an area of 16.2 A [Orr, 1978]. The calculated number of gas 
molecules per unit sample weight permits calculation of the specific-surface 
area. In addition, the specific-surface area can be used to calculate an average 
particle diameter (ASp=6/(pD)). The equation is derived on the basis of uniform 
spherical particles.
A.1.3 Powder Density: Mercury Porosimetrv
Mercury porosimetry can be used for determining the void-free density, 
pore-size distribution and pore-surface distribution [Lowell, 1979]. Mercury has 
a high surface tension (4 8 4  e rg /c m ^ )  and tends not to wet solids. For mercury 
intrusion into a porous body or powder sample an external pressure is applied 
to force the mercury into the pore structure. Consequently, as the pressure is 
increased, mercury will intrude into progressively narrower pores. The volume 
of mercury forced into the pores is monitored in a calibrated capillary stem of a 
glass cell containing the sample and the fill-mercury. The level of mercury in 
the capillary stem decreases as intrusion occurs. From an intrusion curve 
(penetration volume, cm^/g vs. psia), details of the pore structure (r, radius of 
the pore (|im)=106.7/p (p in psia)) can be ascertained. The apparent volume of 
the sample is obtained by "subtracting" out the pore structure information.
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A. 1.4 Chemical Homogeneity and Stoichiometry: Energy Dispersive
Spectroscopy
Energy-dispersive spectroscopy (E.D.S.), an ancillary chemical analytical 
capability of the S.E.M., was used to assess the chemical homogeneity of the 
powders. The characteristic x-ray intensities of elements of interest 
(magnesium and aluminum, in this case) are normalized relative to the 
respective reference intensities. This relative intensity ratio is corrected for 
atomic number effects (Z), absorption of x-rays within the sample (A), and 
fluorescence effects (F); the so called "ZAF" correction [Goldstein,,et al., 1981]. 
Through an iterative process, in which the average effects of background and 
x-ray line overlap, as well as ZAF corrections, are normalized, the weight 
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